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This thesis presents the advancements made in the area of nanosphere lithography in the 
fabrication of nanostructures of different shapes and sizes. They were achieved by 
modifying the nanosphere mask using a combination of self assembly of nanoparticles 
and different ion beam etching processes. Processes were optimized for selective 
etching of the mask patterns using gases such as Ar, CF4, and O2. The fabrication 
process of novel magnetic nanostructures such as embedded dots, dumbbells, zigzags, 
rings and astroids were developed, and their magnetic properties were investigated. An 
experiment of multiple menisci was also developed to locally repair the defects in the 
self-assembly of nanoparticles.  
 
The effect of shape anisotropy on the magnetic properties of the novel nanostructures 
fabricated by nanosphere lithography is also demonstrated. OOMMF simulations were 
performed to substantiate the experimental results. For single layer triangular patterns, 
as the aspect ratio of the triangles increases, the magnetic orientations of the spins 
changes from in-plane to the out-of-plane, making perpendicular alignment of 
magnetization a preferable direction for the triangular pillars. Their magnetic states 
switch independently of the magnetization states of their neighboring elements during 
the magnetization reversal process. This demonstrates the feasibility of fabricating 
embedded media using a simple self-assembly process.    
 
The shape effect becomes progressively dominant when the two neighboring triangles 
are connected to form dumbbell patterns. It is found that the neck of the dumbbell 
Summary 
 viii
elements provides a path to the magnetic spins to relax further from their arrangements 
in the triangular patterns. The spin arrangements observed at remanence show a strong 
preference for the long axis alignment and do not switch easily under the off-axis 
alignment of the applied field. This can be useful in the area of magnetic logic elements 
where stray fields from the neighboring elements may be present. 
 
The two neighboring dumbbells were further connected to form a zigzag nanowire, and 
their spin arrangements were investigated based on the asymmetry present in the 
nanowires. The spin arrangements vary with the alignment of the applied field and show 
single domains in triangular sections of the nanowire for the long axis alignments, but a 
long domain type of arrangement for the short axis alignments. Asymmetry in zigzag 
arms was created to further investigate its effect on their domain patterns.  
 
Another nanostructure investigated includes the astroidal element and its chains, which 
shows a great dependence of the spin arrangements in an element on the spin states of 
the neighboring elements of the chain. A spin strain is discovered dominating the spin 
arrangements progressively as the number of neighboring elements increases. The spin 
arrangements of the different elements studied in this thesis is very important for the 
understanding of the switching properties, for their applications in magnetic random 
memories and sensors. 
 
Multilayer patterns were also explored by fabricating trilayer triangular patterns and 
measuring their electrical transport properties. Temperature dependent measurements 
were also carried out for further understanding of the properties the trilayer triangular 
patterns. 
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remanence after saturation along the short axis, (c) Reverse state 
along the short axis, (d) Saturation along the long axis, (e) Reverse 
state along the long axis.  
 
Figure 8.32 (a)-(c) Remanence image after repetitive application of H = -4000 
Oe along the long axis, (d) Remanence image taken after 3 days. 
 
Figure 9.1  SEM image of a well aligned nanostructures in an array of trilayer 
nanostructures. 
 
Figure 9.2  Schematic diagram of the different fabrication steps for the GMR 
trilayer nanostructures. 
 
Figure 9.3  (a) Schematic of electrical measurement set up showing the thin 
layer of gold layer to provide an electrical connection between 
individual triangular nanostructures. (b) Zoom in view (pointed by 
dotted arrows) shows the triangular patterns of Co/Cu/Co, which 
are embedded inside the thin gold layer. 
 
Figure 9.4  SEM image of sample with burned gold layer between the contact 
pads during prolonged electrical characterizations. 
 
Figure 9.5  Hysteresis loops of pseudo-spin-valve trilayers measured at 
different angles showing the easy and hard axes in sample plane. 
 
Figure 9.6  Angular dependence of (a) film coercivity, and (b) saturation & 
remanent   magnetization of Co/Cu/Co films of thickness 
60/24/60Å. 
 
Figure 9.7  Different current components traversing through the gold layer and 
the nanostrctures. 
 
Figure 9.8 Magnetoresistance measurement for different angles between the 
probe current and applied magnetic field (a) for 0o, (b) 30o, (c) 60o, 
(d) 90o, (e) 120o, (f) 150o, and (g) 180o angle. (h) Magnetic field set 
up for 0o and 90o measurement are shown by solid and dotted 
magnets respectively. Solid line of MR curves represents field 



















































List of Figures 
 xviii
Figure 9.9  Schematic of two signals at (a) 0o, (b) 90o of alignment between 
probe current and the applied field. Signal 1 represents the GMR 
component with no angular dependence on the alignment between 
the probe current and applied field. Signal 2 is the AMR 
component changing shapes as the alignment angles changes from 
0 to 90o. Signal 3 represents the resultant signal after adding the 
signal 1 and 2. 
 
Figure 9.10  Hysteresis loops of pseudo-spin-valve trilayers measured at 
different angles showing the easy and hard axis in sample plane. 
 
Figure 9.11  Angular dependence of remanent magnetization of Co/Cu/Co 
(60/40/60Å) films. 
 
Figure 9.12  Schematic of different grain sizes at the remanence when the field 
is applied along two directions and removed, (a) The 
magnetization stays along the easy axis, (b) The magnetization 
gets pinned along the hard axis direction as shown by three large 
grains. 
 
Figure 9.13 Room temperature magnetoresistance curves of Co/Cu/Co 
(60/40/60Å) nanostructures at 0o, 45o and 90o angle between the 
probe current and the applied field. The insets show the difference 
in MR peaks at low fields for different alignments of the applied 
field. 
 
Figure 9.14  Position of MR peak at different angles between the film easy axis 
and the probe current direction 
 
Figure 9.15  (a) Temperature dependent MR measurements on trilayer 
Co/Cu/Co (60/40/60Å) nanostructures taken at different angles 
with respect to probe current direction at temperatures 250K, 200K, 
175K, 150K, 130K, and 115K. 
 
Figure 9.15 (b) Temperature dependent MR measurements on trilayer 
Co/Cu/Co (60/40/60Å) nanostructures taken at different angles 
with respect to probe current direction at temperatures 100K, 50K, 
and 10.5K.  
 
Figure 9.16  Angular dependence of GMR responses. Experimental results of 
GMR vs H for θ = 0o, 30o, 60o, 90o [curve (a)-(d)]. Calculated 
GMR curves [(e)-(h)] for the same angles. The corresponding 
magnetization angles of the free layer (thin line) and the pinned 
layer (thick line) at different applied field angles [(i)-(l)]. Only the 
absolute value of magnetization angles for the both the free and 
pinneed layers in the negative direction is shown to illustrate the 
asymmetric responses. [9] 
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Figure 10.1 (a) Top view of monolayer formation using a mixture of 
nanoparticles of two different diameters, (b) Schematic of 
multilayer formation using two layers of nanoparticles of different 
diameters. 
 
Figure 10.2 (a) Side view of the deposition process of nanoparticles on the 
substrate with a nanoparticles guide created by etching or 
deposition methods, (b) Top view showing the deposition of 
nanoparticles in a square manner due to the shape of guide and the 
effect of gravity during their self assembly. 
 
Figure 10.3 (a) Formation of nanowalls using tilted deposition of materials on 
the nanoparticles using shadow effects of nanoparticles in each 
other. Side view shows the angle of deposition and top view shows 
the formation of nanowalls, (b) Ring shapes are fabricated if 
substrate is rotated during deposition of materials. Top view shows 
the schematic of ring nanostructures fabricated.  
 
Figure 10.4 (a) Different magnetization states present in the astroid patterns 
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CHAPTER 1 Introduction 
1.1 Background 
The goal of nanotechnology is the creation of useful materials, devices and systems 
through the control of matter at the nanometer length scale. All the physical and 
chemical properties of materials are size dependent at some length scale because the 
properties of individual atoms are profoundly different from those of bulk materials. 
The size dependent properties that are often of interest include optical [1-3], magnetic 
[4-7], catalytic [8, 9], thermodynamic [10], electrochemical [11] and electrical transport 
[12, 13].  
 
The ideal fabrication technique for systematic study of size dependent properties would 
be inexpensive, flexible in nanostructure size, shape and spacing parameters, and 
massively parallel. Several standard lithographic methods are routinely used to create 
nanostructures with controlled size, shape and inter-particle spacing. By far, the most 
widely used is photolithography on the micron scale. However, it has not been widely 
applied to nanostructure fabrication as a consequence of its diffraction-limited 
resolution. The use of ultraviolet lasers [14], holographic interferometery [15], and high 
numerical aperture optics [16] has significantly extended both its longevity and 
applicability to the sub-100 nm regime. Electron beam lithography [17] is characterized 
by low sample throughput, high sample cost, modest feature shape control, and 
excellent feature size control. X-ray lithography is characterized by initially high capital 
costs but high sample throughput. The recent development of scanning tunneling 
microscopy [18] and atomic force microscopy lithographic techniques [19] shows great 
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promise. The challenge in scanning probe lithography is to overcome its inherent 
disadvantage of being a serial process. Consequently, several alternative, parallel 
nanolithography techniques are being explored including nano-imprinting [20], 
diffusion-controlled aggregation at surfaces [21], laser-focused atom deposition [22], 
chemical synthesis of metal-cluster compounds [23, 24] and nanosphere lithography 
[25-50].  
 
Out of all these techniques, nanosphere lithography has been a hot topic of research in 
recent years [25-50] because of its cost effective nature, and advantages of being a 
parallel process and high resolution capability. Nanosphere lithography uses self-
assembly of nanoparticles to form a two-dimensional colloidal crystal as a mask. As in 
all naturally occurring crystals, nanosphere masks include a variety of defects that arise 
as a result of nanosphere polydispersity, site randomness, point defects, line defects and 
polycrystalline domains. The commercial application of this technique has been 
inhibited by these inherent defects and shape and size limitation of the mask features. 
This technique being a low cost process with advantages of other techniques as 
discussed above can find a place in cost-effective commercial applications only if the 
issue of large monolayer coverage is addressed and flexibility in fabrication of 
nanostructures of different shapes and sizes is developed. 
 
1.2 Literature review and motivation  
The issue of large area coverage of self assembled nanoparticles is motivated by their 
importance in developing low-dimensional devices for new generation applications like 
patterned media [4-6]. It is difficult to produce defect free monolayer of nanoparticles 
on a substrate that can offer a defect density of 1 in 109 or better. Several methods have 
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been developed to achieve defect free coverage and to understand the dynamics of 
colloid deposition. The first description of 2D array formation [25] from colloid 
particles was reported by J. Perrin (1999). He used a suspension containing 
monodispersed spherical particles of gomme-gutte on a glass substrate. Denkov et al 
[26] investigated the deposition of latex particles using convective forces and 
demonstrated ordered domains of particles. It was further supported by the 
mathematical calculation of lateral capillary forces on submillimeter particles [27]. The 
deposition of nanoparticles was later investigated on different substrates such as 
mercury, glass and mica to achieve large coverage [28]. Action of capillary forces 
during different nucleation steps of self assembly was needed to be understood. It was 
found that the water perturbation from hydrophilic and hydrophobic surfaces of 
nanospheres is short ranged and is subjected to localized charges, the structure and 
dynamics of liquid water interface [29-31]. During the drying process of water droplet, 
water shrinks from sides and a strip pattern is formed due to competition between 
droplet surface tension, wetting-films surface tension and the friction force at the 
contact line [32-33]. It was observed that in a free standing liquid film seeded with 
colloidal particles, the free surface of the film plays a crucial role in their dynamic 
behaviors. When the thickness of the film is greater than the diameter of the particles, 
the particles move randomly between the two free surfaces under the effect of thermal 
fluctuations but when the thickness of the film is less than the diameter of the particles, 
the two free surfaces are deformed by the particles and exert capillary force on the 
particles. The particles are accelerated toward the border and stop at the position where 
the thickness of the film is nearly equal to the diameter of the particles. Hence a thermal 
and humidity control was adopted by Micheletto et al to achieve monolayer with 
improved ordering [34]. Convective flow of nanoparticles by the water flux was also 
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proposed as the mechanism behind colloid assembly due to variation in the contact 
angle as the water droplet dries [35-40]. Magnetic and charged latex particles were 
studied for additional control over their growth dynamics [41-42]. Ramos et. al. 
suggested application of coulomb interactions between the colloidal nanoparticles and 
the surfactant as a new route to form ordered colloidal structures [43]. Decades of 
research still have not been able to achieve highly ordered layers of nanoparticles.  
 
The effect of capillary forces was further continued by Sur et al [44] and Krachevsky et 
al [45] to understand the principle behind the trajectory and the velocity of convective 
assembly and the role of capillary forces. Patterning of the substrates was also suggested 
to localize the particle patterns and their arrangements. Nanoparticles arrangement and 
their behaviors change drastically as the diameter of particles goes down from micron to 
a few tens of nm [46-49]. The evaporation kinetics and particle interactions with liquid-
air interface are the controlling mechanisms during deposition of layers of nanoparticles 
and deciding factor for formation of a scattered layer, continuous layer or a multilayer 
during nanoparticles deposition. Stamping methods have been suggested by Santhanam 
et. al. [48] to localize the particle assembly.  
 
Guided assembly comes handy as a way to guide the ordering of nanoparticles at a 
desired location. Guo et. al. [50] used templates of gold squares on mica substrates to 
guide the growth of two-dimensional colloidal crystals. Isolated islands of monolayer 
were seen due to the surface energy variation caused by the template but the 
nanoparticles distribution still remains random. An interesting arrangement of 
nanoparticles was created by Yin and Xia [51] using holes in the substrate and using 
tilted deposition of nanoparticles. Different numbers of nanoparticles can be arranged 
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by having holes of different diameter to accommodate more particles and can be 
grouped together by their thermal treatments. Templated spin coating [52] and 
photoresist patterning [53-54] were further developed as methods to guide the 
nanoparticle assembly.  
 
Though much work has been done recently, this process is still far from a stage where it 
can be used in practical applications because of defects and the complicated physics 
behind colloidal self-assembly. Different deposition and observation methods have been 
developed to understand the physics and the deposition process.  The requirement of 
type of colloidal assembly is also dependent on their practical applications. For 
applications like patterned media, a large continuous monolayer is required so that 
nanoparticles are arranged in a line and information can be easily read and written 
during data storage. For applications in photonics, large ordered multilayered crystals 
are required where the variation in surface defects is less compared to the range of 
crystal ordering. In many applications, such as sensors or applications involving 
patterning of nanoparticles in localized positions, a large monolayer is not necessary but 
their ordering and orientation becomes important.  
 
Many developments in the colloidal assembly were focused on photonic applications 
such as Bragg diffraction in the ultraviolet region and photonics bandgap structures [55-
59] because of the collective behavior of crystalline lattices of nanoparticles. Flux 
assisted assembly was used to form more than 150 layers of nanoparticles [56]. 
Quietness of liquid film meniscus is seen as a necessary condition to obtain well ordered 
patterns. Flow controlled vertical deposition method was proposed recently by Zhou et 
al [58] to further control the number of colloidal layers by adjusting the surface tension 
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of the colloidal suspension. Another interesting application of polystyrene nanoparticles 
in photonics was developed by Breen et al [59] by coating these nanoparticles with thin 
layers of ZnS because of the simplicity of this process.   
 
Colloidal assembly came into light as a lithography technique after initial work done by 
Hulteen et. al. [60-61]. A monolayer of nanospheres was used as a tool to create 
nanostructures and develop a resistless lithography technique as an alternative to 
existing techniques to address the resolution requirements [62-63]. Different sizes and 
ordering of patterns were introduced. Haynes and van Duyne [64] showed that a size 
variation in nanostructures can be introduced by using shadow evaporation during the 
deposition of materials through the nanosphere mask. Since then it has emerged as a 
tool to deposit nanosized patterns with controlled dimensions. Further developments can 
be made by modifying the shape of nanoparticles used in the mask to create new 
patterns.  
 
Deckman and Dunsmuir [65] combined oxygen ion milling and self-shadowing effect to 
create bowl type of textures in the nanoparticles for different optical effects and device 
applications. Oxygen etching was further used by Haginoya et al [66] to reduce the 
diameter of the nanoparticles and to etch groves in the substrates to create antidot type 
of patterns; it was further demonstrated to create different patterns by the systematic 
reduction of particle diameter during different etching sessions [67]. Tilted pillars were 
grown by Kesapragada and Gall [68] using tilted evaporation method the same way as 
used by Haynes et al to create nanodots [64]. Silicon nanowires were deposited by 
combining this nanosphere lithography technique with molecular beam epitaxy 
deposition [69], selectively at localized areas defined by photoresist patterning [70] and 
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reactive ion etching [71, 72]. Boneberg [73] showed the fabrication of triangular dots 
using interstitial triangular spaces between nanoparticles and ring patterns using shadow 
effect by rotating a tilted substrate during deposition of materials.  
 
Magnetic nanostructures fabricated by nanosphere lithography have also been reported 
in scientific literature. One particular active area of interest for magnetic nanostructures 
is the size dependence of their magnetic properties. As magnetic materials reach the size 
regime of ~100 nm [127-130], the physical size of the magnet dictates that the lowest 
energy structure is one in which all magnetic moments point in the same direction, 
creating a single domain magnet. Nanoscale single domain magnets can be used to 
represent the most efficient “1” and “0” bits in data storage applications, or futuristic 
magnetic logic circuits and devices [4].  
 
Magnetic properties of Co nanostructures fabricated by self-assembly of nanoparticles 
were recently investigated by magneto optical Kerr effect (MOKE) on a localized 
location by Li et al [74]. Haes and Van Duyne [75] studied the magnetic properties of 
Ni and Co dots fabricated by shadow evaporation [64]. Further work in the area of 
magnetic nanostructures was done by Ng et al [76] by developing the monolayer 
assembly by thermal treatment and fabricating large area nanomagnets. Recently 
Rybczynski et al [77] reported monolayer coverage of 1 cm2 area with a grain size of 50 
µm2 and fabricated a large array of magnetic dots. Zhukov et al [78, 79] fabricated 
antidot patterns by evaporating a thin film on nanoparticles after reducing their diameter 
using reactive ion etching, and investigated coercivity variation with pore sizes of the 
antidot patterns. Characterization of all these patterns fabricated by nanoparticles 
assembly is a challenge because of the random arrangement of fabricated patterns which 
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limits the type of characterization methods needed to systematically investigate the 
properties of the new nanostructures. Systems such as vibrating sample magnetometer 
give collective properties of array of nanostructures which are randomly arranged on the 
substrate; however it has been used by Choi et al [80] to study the hysteresis loop of 
CoCrPt nanodots and the effect of dot dimension on their magnetic properties was 
estimated. Simulations of such patterns were reported by Kim et al [81] and torque 
measurements performed by Weeks et al [82] on Co dots fabricated by self-assembly 
and etching techniques. Kosiorek et al [83] used thermal treatment of nanoparticles 
arranged in a monolayer to fabricate nano-dots of varying dimensions up to 30 nm. 
Annealing of nanoparticles reduced the interstitial gap between them and hence the size 
of deposited nanostructures. Fabrication of nanorods and nanorings was also 
demonstrated by the same team. Nanorings were created by rotating the substrate during 
shadow evaporation of materials. These new patterns are being investigated because of 
their low dimensions and understanding of magnetic properties at these scales. 
 
Our first motivation is to further develop the fabrication aspect of nanosphere 
lithography (or nanoparticle assembly) in creation of a wide range of nanostructures. 
Techniques such as annealing and etching [65-82] have been suggested in the literature 
to modify the mask features and, combined with methods such as shadow evaporation, 
to vary the dimensions of the fabricated patterns. It will be further developed to make 
new patterns such as triangles, rings, astroids, dumbbells and even nanowires. There has 
been no report in the literature on the growth of lateral nanowires using nanoparticles 
self-assembly. The technique to fabricate novel and new types of nanostructures will be 
demonstrated, which can be later applied to create nanostructures of any material to 
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study any specific branch of science whether it is photonics or magnetism or any other 
area which requires nanostructures of different shapes and sizes. 
 
The next motivation is to develop the nanosphere deposition technique to grow a large 
coverage of defect-free monolayer of nanoparticles, and to use this in the fabrication 
and characterization of magnetic nanostructures. If the defects at a given site of a 
monolayer can be repaired locally, then it can be combined with other deposition 
methods such as guided self assembly using photoresist or nanoimprinting to grow a 
controlled defect free monolayer arrangement to pave the way for commercial 
applications. 
 
Our third motivation is to investigate the effect of size and shape on the magnetic 
properties of unique nanostructures fabricated by our modified nanosphere lithography 
methods, and further explore the limits of this technique in the area of magnetic 
nanostructures. Magnetic properties of nanostructures are shape and size dependent and 
have been center of attraction recently [75-83] as fabricated by nanosphere lithography. 
It becomes important to explore magnetic properties of these patterns of unique shapes 
and sizes after the developments made in the technique of nanosphere lithography. In 
order to understand the shape and size effect, all the nanostructures will be fabricated 
using permalloy (Ni80Fe20). Permalloy has zero crystalline anisotropy and this makes it 
easy to understand the dependence of magnetic properties of nanostructures on their 
shapes and sizes. New materials can be included to further investigate the combination 
of crystalline anisotropy, size and shape effect on the magnetic properties of any given 
nanostructure. 
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1.3 Objectives  
The first objective of this project is to study the ordering of self-assembly of polystyrene 
nanoparticles. Polystyrene (PS) is a material of commercially available nanoparticles 
available in a wide range of diameters from 1µm-20nm. These particles have been used 
by several groups [25-50] because of their self assembly on the substrate under the 
action of capillary forces. We will attempt to improve the monolayer coverage of these 
particles by removing defects locally from a desired location inside the monolayer. A 
method of creating multiple menisci developed to minimize the defects at a desired 
location of monolayer formation is being investigated. The second objective of this 
project is to use the monolayer as a tool to fabricate new types of nanostructures which 
will be achieved through combining techniques such as etching and evaporation. Double 
layer deposition of nanospheres and its application in nanostructure fabrication will also 
be explored.  
 
The third objective of this project is to use different characterization methods to 
investigate the properties of new magnetic nanostructures created by the technique. 
Characterization methods such as magnetic force microscopy and electrical resistance 
measurements will be used to study their switching behaviors and magnetization 
reversal processes. 
 
1.4 Organization of thesis 
Chapter 1 gives a brief overview of self-assembly of polystyrene nanospheres used in 
research and its application and recent research undertaken, and shows our motivation 
and objectives in this area. Chapter 2 introduces the theoretical background of the self 
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assembly experiment and the role of forces acting during the self-assembly of 
polystyrene process. An experiment to improve the monolayer defects is also discussed. 
Chapter 3 presents and discusses different etching techniques used to modify the 
nanosphere mask, and transfer the mask patterns onto the substrates. Chapter 4 
discusses the extension of the fabrication capabilities of nanosphere lithography by 
presenting the fabrication of different nanostructures such as triangles, embedded pillars, 
dumbbell shaped patterns, zigzag nanowires, ring type of nanostructures with different 
shapes of holes, and astroid shape elements and chains. Chapter 5 discusses the 
magnetic properties of magnetic triangular dots embedded inside the substrate for 
possible application in embedded media. Chapter 6 and 7 present the evolution of 
domain patterns as the two neighboring triangular dots are connected to form a 
dumbbell pattern and further into zigzag wires. Their switching behavior is also 
discussed.  Chapter 8 presents a detailed study of astroid elements and chains, and the 
effect of additional element in the chain on their combined magnetic behavior and 
reversal mechanisms. Chapter 9 is based on the electrical investigation of multilayered 
triangular patterns which explores the effect of trilayer structures in triangular 
nanostructures. Chapter 10 gives a brief conclusion and suggestions of future work in 
this area.  
Chapter 2 Self-assembly of nanoparticles 
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CHAPTER 2  
 
Self-Assembly of Nanoparticles 
This chapter discusses the principle behind the self-assembly of nanoparticles and the 
problems in its usage in commercial applications. A method of multiple menisci is 
proposed to repair the localized defects in selected area of nanoparticle assembly. The 
effect of different surfactant concentration on their assembly is also presented. In all the 
experiments, the polystyrene (PS) nanoparticles of diameter 500 nm bought from the 
Duke Scientific Corporation were used. These polystyrene nanoparticles are 
commercially available as a suspension in water. Before using the nanoparticles, a 
surfactant which is a mixture of Triton-X and methanol [60] in a volume ratio of 1:400, 
was added to the nanoparticle suspension and stirred for two hours for well mixing of 
the surfactant with the nanoparticles. A controlled amount of particles, 1µl was 
deposited on a tilted substrate. The substrate was tilted at an angle of 10o [76] to 
introduce the effect of gravity during the arrangement of nanoparticles as shown in 
figure 2.1. 
 
Figure 2.1 Schematic diagram of set-up used for dispensing nanoparticles on the 
substrate tilted at an angle of 10o. 
Chapter 2 Self-assembly of nanoparticles 
 13
After the suspension solution is evaporated, the nanoparticles are pushed together, and 
form monolayers, and multilayers of nanoparticles. The deposition conditions should be 
well controlled to keep the ambient conditions undisturbed for uniform drying during 
the self-assembly of nanoparticles. Scattered areas are formed when the disturbance is 
higher or the nanoparticle concentration in the solution decreases. Multilayers are 
formed when the nanoparticle concentration is too high, or the water meniscus dries 
before the nanoparticles spread on the substrate and convective action takes place. A 
single substrate often shows a mixture of all these types of nanoparticle arrangements. 
Figure 2.2 shows the SEM image of a sample showing all these arrangements. Several 
processes such as flux assisted assembly, usage of different kinds of substrate, and 
guided assembly are being developed to increase the coverage of one type of 
nanoparticle assembly (monolayer or multilayers) to make it usable for selected 
commercial applications, as discussed in the previous chapter.  
 
 
Figure 2.2 SEM image of nanoparticles assembly on substrate showing the region of 
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2.1 Theory of polystyrene self assembly 
 
The polystyrene nanoparticles used in all the experiments discussed here are 
hydrophobic in nature. Before using these nanoparticles, a surfactant is mixed with the 
nanoparticles to make their surface hydrophilic, to make them attractive towards the 
water. This creates a capillary action between the nanoparticles during their self 
assembly. For a hydrophilic surface, the force of interaction between the nanoparticles 
is attractive in nature. For hydrophobic surface, this interaction force is repulsive. After 
the nanoparticles were dispensed on the substrate, using the setup shown in figure 2.1, 
the pressure difference at the liquid/vapor surface of meniscus between two particles 
created a force and caused a convective flow of particles on the substrate and the 
nanoparticles spread on the substrate surface [26, 28]. The factors affecting this self 
assembly of nanoparticles include the force of attraction/repulsion among the particles, 
interaction of particles with the substrate, hydrophilic and hydrophobic nature of the 
substrate, polarity of polystyrene surface, concentration of surfactant, and the 
concentration of nanoparticles [42].  
 
A two-particle model [26] shown in figure 2.3 can be used to explain the nature of 
forces acting on the particle submerged in a liquid. The undisturbed liquid surface has a 
uniform solid/liquid interface and the only force acting at the interface is due to the 
surface tension of the liquid. When this interface is deformed by the nanoparticles, 
anisotropy in the pressure is created. This anisotropy causes a force to come into play to 
attain the uniform surface and causes the movement of protruding nanoparticles into 
small islands.    
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If we consider an idealized model consisting of two spheres of the same radius R, 
separated by a distance d by a liquid with a contact angle β with geometrical parameters 
as shown on figure 2.3, then the force acting on the two spheres is the sum of the 
contributions from the pressure difference ∆p across the liquid/vapor meniscus, and the 
surface tension of the liquid/vapor meniscus.    
 
 
Figure 2.3 Geometrical parameters for an idealized model of two particle spheres 
separated by a liquid bridge 
 
We can write it as [84] 
                      
2 2 lvF X p X Cosπ π γ β= − ∆ +                                              (2.1) 
where ∆p is the pressure difference at the liquid/vapor interface, γlv is the surface 
tension, and β is the angle made by the curvature of the meniscus. X is the parameter as 
shown in figure 2.3. Using the pressure approximation by Heady and Cahn [85], we can 
express the capillary force as given by equation 2.2. 
 
                                                                                                                               (2.2) 
 
An experiment was designed using the concept of multiple menisci formation to 
understand the effect of capillary action on the arrangement of nanoparticles. According 
to the two-particle model, the nature of force depends on the contact angle, which can 
2 21 1 . 2 . .F R Sin R Sin Cos
h r
γπ α πγ α β⎛ ⎞= − − +⎜ ⎟⎝ ⎠
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be varied by varying the contact angles at the particle/liquid interface [86]. The contact 
angle is fixed once we choose the nature of the surfactant and the nanoparticles. The 
contact angle can be reduced below 90o by using a surfactant. As we can see in the 
equation 2.2, the surface tension is a multiplying factor in this capillary force expression, 
so the strength of force can be greatly varied by varying the surface tension of the liquid 
or it can be multiplied by using multiple menisci.   
2.2 Multiple menisci effect 
 
This section presents the multiple menisci experiment which makes use of the principle 
discussed in previous section 2.1. First, the nanoparticles were dispensed on the 
substrate and allowed to self-assemble into monolayer/multilayers. The defects and 
dislocations are commonly found in the monolayer arrangement. Once a monolayer has 
been formed on the surface, a location with defects and dislocations is chosen for the 
multiple menisci experiment. A new meniscus bridge is created between the already 
deposited particles on the substrate, at a predefined location, by adding a fixed amount 
(0.005µl) of meniscus medium. The choice of meniscus medium depends on its surface 
tension, boiling point, interaction and compatibility with the nanoparticles. The sample 
is kept horizontal during addition and evaporation of this new meniscus bridge, in order 
to minimize the effect of gravity and utilize the forces arising from the capillary 
interactions only. The liquid spreads around the desired area on the nanoparticles and a 
second meniscus is formed.  
 
After this meniscus bridge between nanoparticles evaporates, another bridge of 
meniscus solution can be created, by adding 0.05µl of the liquid at the site of interest 
and this process can be repeated several times as needed. 
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Figure 2.4(a) shows a scanning electron microscope (SEM) image of a location chosen 
to study the effect of multiple menisci formation. This site has point defects, and 
dislocation lines created by two arrays of nanoparticles displaced from each other. The 
location of defects, marked by (x), is used as a reference for the comparison of results. 
The three big dislocation lines of the image are enclosed by white lines for comparison. 
Deionized water (DIW) was used as the meniscus medium for this experiment due to its 
high availability, and high surface tension compared to the other abundant solutions 
such as methanol. After addition and slow evaporation of the first meniscus created at 
the desired location, the sample is loaded again for inspection in the SEM. All the SEM 
images were taken at 1kV to minimize charging due to insulating nature of polystyrene 
nanoparticles.  
 
Figure 2.4(b) is the image taken after evaporation of new meniscus solution added 
during the last step. The reference points (x) were used to locate the site of interest. 
Figure 2.4(b) shows a new group of nanoparticles forming a double layer, seen at the 
left bottom corner of the image. These nanoparticles were moved during the meniscus 
formation, which could be attributed to the varying degree of forces between the 
nanoparticles and substrate, and these particles were not sticking to the substrate and 
were free to move.  If we compare the dislocation sites enclosed by white lines, there is 
a big improvement at the dislocation sites. The big openings between the nanoparticles 
arrays at dislocations are seen to be closing the gap between displaced arrays. These 
dislocation sites can cause nanostructures to connect if used as deposition mask in the 
nanostructure fabrication. The reduced gap of dislocation sites offers the improvement 
which can be further optimized by varying the surfactant concentrations and meniscus 
surface tension. 






Figure 2.4 SEM images of monolayer area (a) initially selected location of monolayer 
(b) after first evaporation of meniscus medium. X markers in the images are the 
identification marks for the corresponding spheres. 
 
In the figure 2.4, when a second meniscus was created, an additional pull between the 
particles comes into play which pushes the nanoparticles closer. As the controlled 
amount of liquid onto the sample was added, and dried slowly at the ambient 
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temperature, the particles moved closer to each other at the defects site thus closing the 
dislocation gaps. This occurs at the expense of the spheres at the outer edge of the 
sample moving towards the region where the defect sites were created.  
 
Figure 2.5 shows the schematic of multiple menisci effect at a dislocation site. At the 
defect site, due to the pressure anisotropy, a force is developed between the particles. It 
causes a kind of movement at the defect site thus pulling the grains of particles closer. 
At the uniform monolayer sites, the particles are arranged in an ordered manner, so no 
pressure or force will be created there. This selectivity of meniscus effect at defect sites 
causes an improvement in the nanoparticle arrangements. The movement of 
nanoparticles also depends on their ease of movement on the substrate and its wetting 
properties. 
 
Figure 2.5 Model of multiple meniscus effect, (a) A second meniscus is created by 
adding liquid after monolayer is formed; (b) Particles are pulled closer due to capillary 
action at the defect site only. 
 
2.3 Effect of surface tension  
 
The driving force for self-assembly arises from the anisotropy in surface tension at the 
site of the defect. In figure 2.5, a second meniscus was created to use this force to 
remove the defects present inside the monolayer. As discussed previously, the 
convective self-assembly force is directly proportional to the surface tension of the 
Water 
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meniscus medium [84]. The effect of surface tension was studied using different 
solutions such as methanol and deionized water (DIW) with surface tension values of 23, 
and 72 dynes/cm respectively, as a meniscus medium in the multiple menisci effect. 
 
After a monolayer of particles is deposited on a silicon substrate, methanol was added 
as a meniscus medium and allowed to evaporate under constant ambient conditions. The 
sample was taken out after 4-5 hours of evaporation and loaded into SEM for further 
investigation. Figure 2.6 shows the images before and after addition of methanol 
medium as a second meniscus. Not much significant change in the particle 
arrangements is observed in case of methanol meniscus. No multilayer formation or 
movement of particles was observed throughout the sample. It shows that the surface 
tension of methanol is not strong enough to cause the movement, and its low boiling 
points makes it evaporate faster before capillary forces come into action. 
 
The same process is now repeated with DIW as a meniscus medium and figure 2.7 
shows the result before and after the meniscus formation. The vertical dislocation line 
seen between two grains is disappearing and these two large arrays of nanoparticles can 
be treated as a single array. It shows that the surface tension of DIW was strong enough 
to cause the capillary action between the nanoparticles and pull the nanoparticles close. 
The surface tension value of DIW is three times larger than that of methanol, and its 
high boiling point allows water-meniscus to stay longer on the substrate for capillary 
forces to come into play before it dries up completely. The same experiment was 
repeated with Triton-X as a meniscus, which has higher viscosity, and a boiling point 
greater than 200o C. The surfactant did not dry even after 3 days of evaporation and 
heating the substrate at 100 o C.  




Figure 2.6 SEM micrographs of dislocation sites (a) before the addition of Methanol (b) 
after the evaporation of Methanol. X markers in the images are the identification marks 
for the corresponding spheres. 
 




Figure 2.7 SEM micrographs of dislocation sites (a) before addition of DIW (b) after the 
evaporation of DIW. The arrows indicate the location of grain boundary where the 
movement is observed. X markers in the images are the identification marks for the 
corresponding spheres. 
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2.4 Effect of surfactant concentration 
 
Surfactant concentration in the suspension solution controls the wetting property of 
nanoparticles and the interaction among the particles and the interaction between the 
particles and the substrate. The role of surfactant concentration in multiple meniscus 
effect was studied by varying the concentration of surfactant (0%, 28% and 50% of 
volume). After the monolayer of these three different solutions is obtained, DIW is used 
as meniscus medium and the multiple menisci experiment is performed.  
 
When the nanoparticles are deposited on the silicon surface without prior mixing with 
surfactant (fig 2.8a-2.8b), the spheres do not register any movement during the second 
meniscus formation even with DIW which has a high surface tension. The interaction 
between the substrate and particle dominates the interaction among the particles due to 
lack of surfactant. When the surfactant concentration was increased to 28% of the total 
solution, mobility of the particle increased. The corresponding secondary arrangement 
can be seen in figure 2.8(c)-(d) where the closing of a dislocation can be observed after 
the meniscus has dried. When the concentration was raised to 50%, the particles became 
very mobile and the slight addition of meniscus provided the freedom to move and the 
nanoparticles spheres clung into disordered islands as seen in figure 2.8(e)-(f). 
 
Figure 2.8 (a)-(f) shows that the interaction between the particle and the substrate is 
another important factor in the consideration of self assembly. This interaction between 
the nanoparticles and the substrate varies with the surfactant concentration, giving them 
an ease to move around, on the surface. As we varied the surfactant concentration to 
study the effect of interaction between the substrate and nanoparticles, from 0 to 28%, 
the particles were seen to close the gaps between them as in figures 2.8(c)-(d). The 
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surfactant effected a lowering of the energy barrier for movement of the nanoparticles, 
thereby allowing a more ordered formation in the process. In the absence of surfactant, 
the nanoparticles do not register any movement even after several additions of meniscus 
formation at the predefined sites. 
 
Figure 2.8 SEM micrographs showing (a)–(b) with 0% surfactant (c)-(d) with 28% 
surfactant (e)-(f) with 50% surfactant. The black shadow in figure 2.8(a) is due to the 
charging effect in SEM. X markers in the images are the identification marks. 
 
Chapter 2 Self-assembly of nanoparticles 
 25
In summary, we can say that the secondary rearrangement of nanoparticles is possible 
and it depends on two factors: (1) competition between the inter-particle force and the 
force between particles and the substrate, and (2) the surface tension of the medium 
used [84].  In this process, nanoparticles move under the effect of forces arising only 
from the deformation of a meniscus, assisted by the presence of a surfactant. In this 
approach, a defect can be removed locally from a predefined site using multiple addition 
and evaporations of the meniscus medium after the monolayer is formed. Creation of a 
new meniscus on the sample surface leads to a surface stress on the spheres causing 
them to reassemble into an orderly manner. The interaction between the substrate and 
the particles is an important parameter behind the movement of particles. This method 
can be used potentially to control and improve the localized defects and order in 
monolayer of nanoparticles for applications like data storage where the coverage area of 
the monolayer is of primary concern. An optimized balance should be obtained between 
the forces acting between particle-particle, and particle-substrate for effective use of this 
method and to prevent the clinging of the nanoparticles in groups. 
 
The nanoparticles arrangement still faces several challenges during their self-assembly, 
which is dependent on the ambient conditions, and disturbance/vibrations during the 
arrangement. If multiple menisci effect is combined with the guided deposition of 
nanoparticles [87], it could improve the quality of monolayer, and may be helpful in the 
long range ordering of nanoparticles. 




Etching characterization of nanoparticles 
Spherical shape of polystyrene nanoparticles is important for their self assembly 
because of the requirement of meniscus formation [26-28] during their self assembly 
process. It also becomes a limitation due to wide range of shape and size requirements 
in the mask features for nanostructure fabrication. Nanoparticles and interstitial spaces 
among them are the two features which can be transferred or modified to create a 
lithographic pattern during fabrication process [74-77]. A process with the capability of 
creating mask features of different shapes and sizes using self-assembled nanoparticles 
is greatly needed. This chapter presents the results of nanoparticles which were 
modified by plasma etching and utilized to fabricate various types of nanostructures 
under optimized conditions.  
 
Different etching processes were developed in an Electron Cyclotron Resonance (ECR) 
system from Roth and Rau, Germany. ECR is a mode of generating plasma by 
maintaining resonance state between electric and magnetic fields to generate sustained 
plasma, which gives improved performance and provides better control over etching 
parameters [88]. After stable plasma is obtained, beam voltage can be varied to control 
the kinetic energy of the ions. Different types of ion species and gas molecules can be 
used in three different etching modes in ECR system, namely ion beam etching, reactive 
ion beam etching, and chemical assisted ion beam etching. In ion beam etching mode 
(IBE), argon gas is used to sputter the material off the substrate. It is a physical etching 
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process and lacks the chemical selectivity of the materials being etched. In reactive ion 
beam etching mode (RIE), reactive gases such as Cl2, CF4 or SiCl4 are used to enhance 
the chemical selectivity of the target materials. In chemical assisted mode (CAIBE), a 
chemical gas is introduced into the chamber to form free radicals which are easier to 
etch. Choice of the etching mode depends on the type of materials present in the sample 
and the selectivity of materials to be etched. ECR system uses a low amount of gas flow 
in the range of 1-7 sccm for better control on the etch rate and uniformity. In our 
experiments, argon ion beam was combined with oxygen plasma in reactive ion mode 
and with tetrafluorocarbon (CF4) gas in chemical assisted mode to optimize different 
etching processes. Different combinations of gases used are listed in table 1 below. 
Table 1 List of etch processes used 
Mode Gas Gas flow Beam voltage Duration 
IBE Ar 5 sccm 50-500V 5 min 
CAIBE Ar+CF4 5 + 1-4 sccm 400V 5 min 
RIE Ar+O2 5 + 3 sccm 400V 0-5min 
 
3.1 Argon ion beam etching 
 
Silicon substrates deposited with polystyrene nanoparticles were loaded into the vacuum 
chamber of the Roth and Rau ECR system to optimize the ion beam etching process. 
Figure 3.1 shows the etch rates of silicon at different beam voltages. The beam voltage 
controls the kinetic energy of the attacking Ar+ ions during etching and hence an 
increase in the etch rates is observed with the increase of beam voltage, as shown in 
figure 3.1. Etching was performed at a fixed gas flow of argon gas set at 5 sccm, for 5 
minutes. Etch rates were calculated from reference samples. This ion beam etching is 
physical in nature and therefore not chemically selective. Polystyrene nanoparticles are 
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found to be soft targets for the beam of high energy Ar+ ions and were etched during the 
etching process. For a successful pattern transfer, a good etch rate with high chemical 




















Figure 3.1 Dependence of etch rate of silicon with argon ion beam on beam voltage. 
3.2 Oxygen etching 
 
Reactive ion etching using Oxygen plasma is termed as organic etching because of its 
reactivity towards organic substances. A mixture of Oxygen gas at 3 sccm flow, and 
Argon at 5 sccm, was introduced in the ion beam source to produce reactive ions and 
studied for its impact on the nanoparticles under different etch durations. Beam voltage 
was fixed at 400 V to achieve sufficient etch rates. Morphologies of the nanoparticles 
were investigated by scanning electron microscopy (SEM) after the etching processes.  
 
Figure 3.2(a) shows the SEM image of a monolayer of nanoparticles assembled on the 
silicon substrate. The image shows that the nanoparticles are connected to each other 
and the interstitial gaps between the nanoparticles are not visible. Surfactant which was 
mixed with nanoparticles for their large monolayer coverage is filling the interstitial 
gaps between the nanoparticles. It blocks the interstitial spaces among the nanoparticles 
to act as a mask for depositing the metals on the substrate through these spaces.  
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Figure 3.2 SEM images of nanoparticles after (a) deposition on the silicon substrate, (b) 
1 minute of oxygen etch, (c) 2 minute of oxygen etch. 
 
Figure 3.2(a) is an example of type of arrangement we may get during deposition. The 
opening of interstitial spaces also depends on the aging process of surfactant mixed with 
nanoparticles. With time, the methanol part of surfactant may slowly evaporate and 
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different variations of figure 3.2(a) may be observed, where these spaces are blocked. 
Different amount of dilution may be added to surfactant to control the exact ratio of 
surfactant, but oxygen etching provides better control of opening of these spaces, and 
can be used as a standard process during self-assembly process. 
 
Figure 3.2(b) shows the top view of the monolayer after 1 minute of oxygen etching. 
The surfactant from the interstitial spaces has been etched away and the gaps between 
the nanoparticles now can be clearly seen. It shows that the interstitial spaces can be 
reopened using oxygen plasma after large monolayer coverage has been achieved by 
mixing the surfactant with nanoparticles and used as depositing channels for 
nanostructures.  
 
The side edge of triangular gaps between the nanoparticles has a length of ~120nm. The 
standard deviation of size variation in the dimension of etched pattern over an area of 
100um by 100um is found to be 8.9%, which depends on the uniformity of ion beam, 
the diameter of nanoparticles, and the surfactant concentration. The dimension of 
interstitial spaces can be further increased by etching the particles for long durations as 
long as the particles are still touching each other. Figure 3.2(c) shows the image of 
nanoparticles after 2 minutes of oxygen etching. The dimension of interstitial gap has 
been increased from 120 nm to 180 nm. It means that the dimension of triangles can be 
varied by a controlled etching process up to the point when the nanoparticles are still 
touching each other keeping the array of triangles disconnected from each other. 
 
Figure 3.3 shows that longer etch time will further reduce the diameter of nanoparticles 
and make them disconnected from each other. Figure 3.3(a)-(c) show the SEM images 
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of the samples etched for 3, 4 and 5 minutes respectively. The different contrast seen in 
the figures is the result of the charging effect of the nanoparticles during imaging in the 
SEM. Etching of the nanoparticles grows outwards from their triangular interstitial gaps 
thus giving the nanoparticles a hexagonal shape as seen in figure 3.3(a)-(b).  
 
Figure 3.3(c) shows the image of nanoparticles after oxygen etching for 5 minutes. As 
the etching time increases, the diameter of nanoparticles reduces and dimensions of 
spaces between them increases. As the distance between the nanoparticles increases 
during etching, the nanoparticles acquire circular shapes. It can be attributed to the 
impact of the high energy ions reflected from the substrate surface. Because of the large 
gaps between the nanoparticles, the high energy ions which are reflected from the 
substrate surface, further etches away a part of nanoparticles which gives them a 
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Figure 3.3 Scanning electron images of nanoparticles after etching for (a) 3 min, (b) 4 
min, (c) 5 min.  
 
Figure 3.4 shows the image of nanoparticles obtained after 6 minute of organic etching. 
It shows that longer etching of 6 minutes resulted in the deformation of the 
nanoparticles due to excessive impact of oxygen ions. 
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Figure 3.4 Scanning electron images of nanoparticles at different etching duration 
The etch rate of nanoparticles and different mask features obtained by organic etching is 
summarized in figure 3.5. Etching less than 2 minutes can be used to open the blocked 
interstitial features and to introduce a size variation in the inherent triangular feature of 
the self assembled mask. Further etching between 2-5 minutes can be used to create 
hexagonal pillars by using hexagonal shapes of the nanoparticles at this stage. It can be 
used as a deposition mask to create hexagonal holes in a deposited films or as an etch 
mask to create hexagonal pillars. Etching time of 5 minutes or more can be used to 
create circular dots or antidot patterns of varying dimensions. It shows that oxygen 
etching can be developed as a tool for controlled etching of nanoparticles and to create 
nanostructures of different shapes and sizes. Organic etching was further utilized to 
fabricate a novel type of nanostructures using the shadow effect of nanoparticles on one 
another during etching process. Its results are reported in the next chapter in the 
demonstration of fabrication of dumbbell and zigzag nanostructures. 
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Figure 3.5 Map of profiles and dimensions of feature in the nanoparticles mask at 
different durations of etching process. 
  
3.3 Tetra fluorocarbon (CF4) etching 
 
In the previous section, we discussed the effect of oxygen plasma in modifying the 
mask features; in this section, the process of pattern transfer of mask features onto a 
substrate is reported. CF4 gas is used as a chemical assistant to argon ion beam for 
enhanced etch rate and to etch patterns into the substrate.  
 
Figure 3.6 shows the surface profiles of nanoparticles at different steps of CF4 etching, 
developed to etch mask-patterns into the substrates while keeping the mask intact during 
the etching process. Figures 3.6(a)-(d) show the SEM images of nanoparticles for CF4 
gas flow of 1, 2, 3 and 4 sccm respectively. In figure 3.6(a), the nanoparticles are badly 
damaged and their spherical geometry is destroyed due to physical bombardment by Ar+ 
ions when the CF4 gas flow is low at 1 sccm. Figure 3.6(b) shows a relatively less 
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damaged surface of nanoparticles as the CF4 gas flow is increased to 2 sccm. In figure 
3.6(c) the nanoparticles shows their intact geometry when CF4 gas flow is set to 3 sccm. 
The nanoparticles are deformed again as the flow of CF4 gas is further increased to 4 
sccm (fig 3.6d).   
 
Figure 3.6 Scanning electron images of nanoparticles at CF4 gas flow of (a) 1 sccm, (b) 
2 sccm, (c) 3 sccm, (d) 4 sccm. 
 
Initial deformation of nanoparticles at low gas flow of CF4 (fig 3.6a) can be attributed to 
the physical impact of Ar+ ions. The deformation at higher gas flow of CF4 (fig 3.6d) 
can be attributed to the chemical modification of nanoparticles due to excessive increase 
in the number of CF4 molecules at the gas flow of 4 sccm. At the intermediate gas flow 
of 3 sccm, a balance between these physical and chemical processes is achieved and the 
particles maintain their spherical geometry (fig 3.6c) intact during the etching process.  
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The etch rates of silicon calculated from the reference samples used in the above 
process, at different gas flow of CF4 gas are shown in figure 3.7. It shows an increase in 
the etch rate for initial introduction of CF4 gas. It can be attributed to the formation of 
SiF4 radicals and physical bombardment of Ar+ ions.  After 3 sccm of gas flow, a slight 
decrease in etch rate is observed. This decrease in etch rate after 3sccm can be explained 
by the screening effect of CF4 gas molecules against the Ar+ ions reaching the substrate. 
Ar+ ion bombardment is main component of etching process and its effect reduces in the 
presence of excessive number of CF4 gas molecules above the substrate and as a result, 
the component of Ar ion etching decreases. 
 
An etch rate of ~27nm/min is obtained at 3sccm gas flow and it matches with the 
equilibrium between chemical and physical etching obtained at 3 sccm gas flow (fig 
3.6c). This equilibrium condition of etching process was developed for a nanoparticles 
solution which was mixed with the surfactant in a ratio of 1:1. Any presence of 
nonuniformity in the surfactant concentration can adversely affect the equilibrium 
conditions of the etching process.  
 
The aspect ratio of the patterns transferred into the silicon substrates using nanoparticles 
as etch mask can be varied by further increasing the etching duration. Figure 3.8 shows 
the variations in the heights of patterns at different etch durations along with the side 
views of etched patterns. 
Chapter 3 Etching characterization of nanoparticles 
 37
 
Figure 3.7 Etch rate of silicon at different CF4 gas flow rates and the corresponding 
surface profiles of the nanoparticles. 
 
 
Figure 3.8 Etch depths at different etching durations, along with the side profiles of the 
etched patterns with nanoparticles. 
 
The response of polystyrene nanoparticles is sensitive to the equilibrium of CF4 -
molecules and the bombardment of Ar ions.  The surface of nanoparticles gets modified 
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during etching and particles get severely damaged for high gas flows for CF4. It was 
observed that after the etching, the sensitivity of nanoparticles towards the 
dichloromethane was reduced. Figure 3.9(a) shows the incomplete removal of 
nanoparticles in a solution of dichloromethane after 3 hour of liftoff process. Normally 
5 minute of dip is sufficient to remove the un-etched particles from the substrate. Figure 
3.9(b) shows the substrate surface after surface cleaning using the oxygen plasma (as 
developed in previous section 3.2). It shows that the remaining nanoparticles can be 
easily removed by the oxygen plasma. Patterns created in the substrate by CF4 etching 
can be now be easily seen in figure 3.9(b).  
                            
Figure 3.9 SEM images (a) after liftoff of nanoparticles with remains of polystyrene, (b) 
after organic cleaning of substrate using oxygen plasma. 
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3.4 Effect of surfactant nonuniformity 
Surfactant is often used as an assistant to make the surface of polystyrene nanoparticles 
hydrophilic and achieve larger monolayer coverage during their self assembly process 
[76]. However, local non-uniformities in the solution should be well controlled and 
solution should be well stirred before depositing on the substrate. The nonuniformity in 
the surfactant concentration can cause variation in the etching rates during etching 
process and lead to an unwanted size distribution in mask features during the pattern 
transfer process. Figure 3.10 shows the pattern transferred into the substrate after 
etching of nanoparticles. The triangular patterns with a large size distribution can be 
easily seen in the image. The pattern shape varies from the circular to triangles with 
their sizes varying from 60nm to 180 nm. The size variation in the patterns depends on 
the local variation in the surfactant solution and is difficult to measure during the 
deposition process. The best way to avoid this is to stir the solution well for better 
control of the pattern transfer process. 
 
 
Figure 3.10 Variations in dimensions of patterns during pattern transfer process due to 
local nonuniformity in the surfactant mixture. 
Chapter 3 Etching characterization of nanoparticles 
 40
In conclusion, polystyrene nanoparticles can be used to fabricate patterns of different 
shapes and sizes by combining it with different etching techniques under optimized 
conditions. Organic etching can be used to create different mask features in the 
nanoparticles monolayer by selective etching of nanoparticles. Mask features can be 
transferred into the substrates by using CF4 etching process. Nanoparticles solution 
should be well mixed with surfactant for better control and uniformity in their sizes 
during the fabrication of nanostructures. 





Fabrication methods of nanostructures 
 
In order to meet the demand of wide range of shapes and sizes in nanostructure 
fabrication, nanosphere lithography needs to be further explored. This chapter is a step 
forward in that direction making use of different etching processes developed and 
discussed in the previous chapter. In this chapter, further developments in the 
fabrication processes of novel nanostructure are presented. Topography of these 
nanostructures was studied by SEM and magnetic force microscopy (MFM).  
 
Nanopatterns such as triangular or astroidal dots with single magnetic layer or 
multilayer structure were fabricated using monolayer of polystyrenes nanoparticles as a 
deposition mask. These nanostructures have interesting properties because of their 
triangular shapes and their unique arrangements in the array. Dumbbells and nanowires 
were fabricated by selective etching of the polystyrene mask and depositing a metal 
layer on it followed by liftoff. All these patterns were later investigated for their shape 
dependent magnetization behaviors which are useful in applications such as magnetic 
logic and magnetoelectronic devices. Two-step method of monolayer deposition was 
also explored to create disks with triangular or square shaped inner holes thus creating 
ring shapes. Rings with circular hole have been studied intensively recently for their 
interesting magnetic properties and possible MRAM applications [89-92]. Disk patterns 
with a non-circular hole are more attractive for study of magnetization process due to 
their unique shapes. Subramani et al [91, 92] showed using simulations in their recent 
papers that this deliberately introduced asymmetry in the rings can be used to control 
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the switching of vortex chirality state in such magnetic nanostructures. These disk 
patterns can be very useful to further analyze that effect. When polystyrene 
nanoparticles arrange themselves either in hexagonal or square packing on the substrate 
during drying, the two arrangements have unique triangular and astroidal interstitial 
spaces, respectively, which were also explored in fabrication of different patterns and 
are discussed in this chapter in more detail, along with other patterns.  
4.1 Hexagonal packing of nanoparticles 
 
When a suspension of nanoparticles is dispensed on a substrate, the nanoparticles 
arrange themselves into an ordered arrangement of hexagonal packing. However the 
ordering and orientation of grains of hexagonal packing of the nanoparticles is short 
ranged and random in nature. No successful methods of aligning their orientation over a 
large area have been developed yet. The long range ordering of nanoparticles is not the 
focus of this chapter, but we have studied these short ranged hexagonally packed 
nanoparticles to fabricate nanostructures by depositing magnetic materials onto them.   
4.1.1 Triangular nanostructures 
Triangle shape is the natural interstitial opening in a monolayer of hexagonally packed 
nanoparticles. Figure 4.1 shows the SEM image of a monolayer of nanoparticles mask 
with inherent triangular feature in it. These triangular openings were utilized as 
channels for depositing metals through them onto a substrate. We have deposited single 
layer of permalloy and trilayers of Co/Cu/Co to fabricate arrays of triangles and studied 
the size effect on their magnetic properties. Nanoparticles with a diameter of 500 nm 
were used in all the fabrication processes which gave us triangular interstitial spaces of 
dimensions of 120 nm. Figure 4.2 shows the array of the nanostructures deposited on 
the surface after evaporation of the material and lift off by dissolving the nanoparticles 
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in dichloromethane. Lift off process leaves the nanostructures on the substrate deposited 
through the interstitial spaces thus forming an array of triangular dots. A detailed 




Figure 4.1 Nanoparticle mask showing the interstitial spaces of dimensions of 120 nm. 
 
 
Figure 4.2 Scanning electron micrograph of array of triangular patterns fabricated by 
self assembly of nanoparticles of 500 nm diameter used as deposition mask. 
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4.1.2 Dumbbell patterns 
 
Triangular shape, being the natural shape of the interstitial spaces between the 
nanoparticles arranged in hexagonal packing, can be further used to form a new type of 
dumbbell nanostructure by connecting the two neighboring triangular patterns. The two 
neighboring triangular spaces can be connected by performing a controlled etching of 
nanoparticles along the line of symmetry of the neighboring patterns. From figure 4.3 
(a) we can see that the hexagonal packing of polystyrene nanoparticles has three axes of 
symmetry as shown by three arrows. One of the symmetric axes was aligned with 
respect to the incident ion beam in such a way that the other interstitial spaces are not 
affected. We achieved it by tilting the substrate at an angle θ with respect to the incident 
ion beam as shown in figure 4.3(b). Because of the spherical shape of nanoparticles, a 
shadow effect is created on the interstitial spaces which are not in the direction of 
incident beam. The symmetry axis which lies in the direction of ion beam is etched 
away until the two neighboring spaces are connected. It forms a new mask feature in the 
nanoparticles mask. 
 
Figure 4.3 Schematic diagrams of fabrication process: (a) Top view showing the 
hexagonal packing of nanoparticles on the substrate. Arrows show three axes of 
symmetry in hexagonal packing. (b) Side view showing ion beam incident at an angle θ. 
 
Figure 4.4(a) shows the scanning electron image of a monolayer of nanoparticles in its 
natural hexagonal close packed arrangement before etching. White arrows show the 
vertically aligned interstitial spaces among the nanoparticles. Etching was performed by 
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loading the sample in ECR system tilted at an angle θ = 50o, and using oxygen plasma 
for 30 seconds at a gas flow of 3 sccm. Figure 4.4(b) shows the resultant mask after 
etching. It shows that nanoparticles can be selectively etched by tilting the substrate at 
an angle with respect to the incident ion beam. Because of the shadow effect of the 
neighboring nanospheres, two vertically interstitial spaces which were aligned along the 
incident beam are now connected with each other forming a dumbbell shaped feature in 
the nanoparticles mask. 
 
Figure 4.4 (a) Scanning electron micrograph of a monolayer of hexagonally packed 
nanoparticles. White arrows show the vertically aligned interstitial openings in the mask. 
(b) Scanning electron micrograph of the modified sample after etching having a 
dumbbell feature in it  
 
Figure 4.5 shows the scanning electron micrograph of an array of dumbbell 
nanostructures obtained after depositing 40 nm of permalloy film by electron beam 
evaporation and followed by lift off. The dimensions of nanostructure are ~370 nm 
along the long axis and ~200 nm along the short axis with the neck widths varying from 
0-100 nm. The variation in dimensions of patterns seen in figure 4.5 can be attributed to 
the non-uniformity in surfactant concentration in the nanoparticles suspension. As a 
result, different nanospheres in the monolayer have different shadow effects which 
cause some of nanostructures to have a wider neck or missing neck.  Coverage of these 
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dumbbell arrays depends on the extent of monolayer of nanoparticles aligned along the 
incident ion beam.  
 
The self assembled monolayer has a mixture of grains oriented randomly in all possible 
directions. The typical grain size is of the order of 100 µm by 100 µm. A particular 
grain was identified and used for the alignment during etching. These nanostructures 
with thin necks are a potential candidates for magnetic logic applications. Their 
magnetic properties are discussed in more detail in chapter 6. 
 
Figure 4.5 Scanning electron image of dumbbell shaped magnetic nanostructures. 
 
4.1.3 Zigzag nanowires 
 
Selective etching of nanoparticles was further developed to connect the two neighboring 
dumbbell elements to fabricate zigzag nanowires. The schematic of the etching process 
is shown in figure 4.6. For the fabrication of zigzag wires, etching was performed along 
the two symmetry axes. The sample was loaded in the etching chamber so that the 
oxygen ion beam is incident at an angle θ = 50o, as shown in figure 4.6(b). After the first 
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etching, the sample was rotated by 60o (figure 4.6c) along the axis perpendicular to the 
sample plane, thereby aligning the next axis of symmetry along the incident ion beam 
and the second etching step was performed keeping the incident oxygen plasma beam at 
an angle of θ = 50o. Figure 4.6(d) shows the schematic of mask modified after step 
4.6(c). Two arrows show the direction in which the ion beam etching has been 
performed. No etching was done along the horizontal axis because of the shadow effect 
of nanoparticles. As a result, the triangular spaces are connected in a form of continuous 




Figure 4.6 Schematic diagrams of fabrication processes: (a) Top view showing 
hexagonal packing of nanoparticles on the substrate. Arrows show three axes of 
symmetry in hexagonal packing. (b) Side view showing oxygen etching at a tilted angle 
of 50o (c) Substrate is rotated along its axis by 60o (d) Modified polystyrene mask. Two 
arrows show the etching direction at 60o with each other. 
 
Figure 4.7(a) shows the scanning electron micrograph of a monolayer of polystyrene 
nanoparticles before etching. Figure 4.7(b) shows the image of the sample after first 
etching step discussed in figure 4.6(b).  




Figure 4.7 SEM image of the monolayer of nanoparticles (a) Before etching, (b) After 
first shadow etching at an angle of 50o for 1min. Arrow points to the direction of 
etching process. (c) After second shadow etching for 1 min at an angle of 50o after 
rotating the substrate by 60o. (d) After second shadow etching for 2 min at an angle of 
50o after rotating the substrate by 60o. 
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Regions with the dark contrast show the two neighboring triangular spaces connected 
together along the white arrow, thus forming a dumbbell shaped feature in the mask. 
Figure 4.7(c) is the image of the sample obtained after performing the second etching 
step as demonstrated in figure 4.6(c). This SEM image shows vertical zigzag features 
running parallel in the mask. 1 minute of etching was used for both of the steps of the 
etching process. The zigzag opening in the mask in figure 4.7(c) has neck widths 
varying from 20-100 nm. Figure 4.7(d) is the image of the zigzag feature obtained after 
2 minute etching along two directions which shows an increase in the neck widths of the 
zigzag array. Etching for two different durations along the two axes of symmetry can be 
used to create alternating asymmetric necks in the zigzag nanowires. The lengths and 
coverage of the zigzag wires depend on the extent of monolayer coverage of the 
nanoparticles aligned along the incident ion beam. Figure 4.8 shows a large area view of 
chain of nanoparticles forming zigzag features in the mask. It can be seen that particles 
are connected with each other forming long chains with zigzag shaped openings 
between them.  
 
  
Figure 4.8 Scanning electron micrograph of large area of nanoparticles mask with 
zigzag feature 
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The size distribution observed in the neck of zigzag wires may be attributed to the 
nonuniformity in surfactant distribution in the nanoparticles. Because of the local 
variations in surfactant concentrations in the monolayer of nanoparticles, the extent of 
etching of nanoparticles varies and it gives zigzags of varying neck widths. Local 
variation in surfactant concentration on polystyrene nanoparticles is always very crucial 
for the uniformity of patterning where nanoparticles geometry is used to create shadow 
effects during the etching processes. 
 
Figure 4.9(a) shows the scanning electron micrograph of zigzag wires obtained after 
deposition of NiFe film of thickness ~58nm on the nanoparticles mask by electron beam 
evaporation and lifting off in dichloromethane. The zigzag wire is an interesting feature 
having triangular sections connected with thin necks of width ~10 nm.  The neck was 
created by etching the mask for 1 minute along two symmetric axes of hexagonally 
packed nanoparticles. 
 
Figure 4.9(b) shows the zigzag wires with necks of asymmetric widths of alternating 
dimensions of ~50 nm and ~10 nm. Asymmetric necks were obtained by etching the 
particles along the two axes for different durations of 1 and 2 minutes respectively. 
Etching of 2 min increased the gaps between the nanoparticles, and a neck of 50nm, as 
shown by the arrow in figure 4.9(b), was formed. 
 




Figure 4.9 SEM images of (a) NiFe zigzag nanowires with symmetric necks mask, (b) 
NiFe zigzag nanowires with asymmetric necks. 
 
4.1.4 Embedded dots 
In this section, nanoparticles are used as an etch mask and the mask pattern is 
transferred into the substrate by selectively etching the substrate, keeping the mask 
intact. Optimized process using CF4 gas as described in the chapter 3, was used to etch 
pits in the substrate. The shape of the pits depends on the mask feature and the etch-
depth of the pattern depends on the duration of the etching process. This process 
provides flexibility in creating patterns of different aspect ratios keeping the mask intact. 
Figure 4.10 shows the side profile of patterns along with nanoparticles showing 
different depths etched into the substrate. Figure 4.10(a)-(c) are the patterns etched for 3, 
5, and 6 minutes, respectively.  





Figure 4.10 Scanning electron images of patterns created after etching for durations of 
(a) 3 minutes, (b) 5 minutes, (c) 6 minutes. 
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As the etching time increases, a change in side wall angles of the etched pits is also 
observed. For etching durations shorter than 3 minutes the side walls of the pillars are 
tapered at an angle of 58o. For etching duration of 5 minutes, side angle changes to ~85o. 
For etch duration longer than 5 minutes, a side angle of ~90o is observed. It depends on 
the incident ion beam and energy of ion beam. For shorter etching durations, the higher 
energy ions reflected from the surface also add to etching, which gives a tapered profile 
to the etched groves. For longer durations, only the ions with vertical incident angle can 
reach the bottom of the pits and gives straighter wall angles close to 90o. 
 
Figure 4.11 shows the plan view of the array of patterns etched in the substrate after 
removal of the mask. It shows that the patterns have been successfully transferred into 
the substrate. These pits can be filled with different materials to study the interactions 
between the nanostructures through the substrate matrix. Substrate matrix of different 
materials can be further varied for possible interaction between these pits. 
 
Figure 4.11 Scanning electron image of the patterns created in silicon after etching and 
removal of nanoparticles mask. 
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For applications such as pattern media, vertical side wall angles are more favored 
because of shape anisotropy of vertical pillars. The effect of different side wall angles 
on the magnetic properties can also be explored by filling these pits with magnetic 
materials. 
 
4.1.5 Disk patterns 
In this section, a process of fabricating disk type nanostructures with a triangle hole is 
presented. This type of nanostructures is interesting because of the additional anisotropy 
created by the asymmetric shape present in the core of the disk. Rings with circular 
cores have been studied intensively recently [89-92]. The fabrication of such disks with 
asymmetric inner core is an advanced step in that direction.   
 
A two-step deposition of nanoparticles is combined with etching process as shown by 
the schematic diagram in figure 4.12 to create this pattern. In this process, firstly, a 
monolayer of polystyrene nanoparticles is deposited on a substrate. A thin film of 
permalloy can also be deposited on the substrate prior to the deposition of first layer 
nanoparticles to create these patterns in the deposited film. The first layer of 
nanoparticles is used as an etch mask to etch triangular pits using the process as 
mentioned in section 3.1.5. However, for the cases when the substrate has a magnetic 
material deposited on it prior to the deposition of nanoparticles, an Ar+ ion beam 
etching was used for etching of patterns due to incompatibility of the reactive ion beam 
etching with the magnetic films. The etch rate limitation of Ar+ ion beam etching limits 
the aspect ratio of these groves and hence the thickness of films used during this process. 
Figure 4.12(b) shows the triangular holes obtained in the top magnetic layer after 
removal of the nanoparticles mask. Now, a second layer of nanoparticles is deposited on 
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the etched layer. Because of the surface anisotropy created by the pits, deposited 
nanoparticles sit on the etched locations, thus covering the pits location from further 
etching. A second etching step is performed for 3 minutes duration. Figure 4.12(c) 
shows that the triangular hole created by the first etching step is masked from further 
etching by the deposition of second layer of nanoparticles. Figure 4.12(d) shows the 
disk shaped nanostructures with a triangular hole obtained after etching and lifting off 
of the second layer of nanoparticles.  
 
 
Figure 4.12 (a) Schematic diagram of the fabrication process showing the assembly of 
monolayer of polystyrene nanoparticles on NiFe metal layer deposited on silicon 
substrate followed by chlorine plasma etching, (b) Schematic showing the etched 
pattern in top metal layer, (c) A second layer of polystyrene nanoparticles is deposited 
on the etched patterns and further etching is done, (d) Etched pillars of NiFe with 
triangular hole inside, (e) Scanning electron microscope micrograph showing the top 
view of the nanostructure, (f) side view of the nanostructure. 
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Figure 4.12(e) is the SEM image of the top view of the fabricated nanostructure. The 
rough edges are attributed to the damage caused by the long duration of ion-beam 
etching. Figure 4.12(f) is the SEM image showing an oblique view of the nanostructures. 
The coverage of fabricated patterns depends on the monolayer coverage of the first 
nanoparticle deposition and its overlap with the second layer deposition of the 
nanoparticles which is still an issue to be addressed for the successfull application of 
this technique in commercial applications. 
 
4.2 Square packing of nanoparticles 
In this section, the fabrication methods of the nanostructures using square packing  of 
nanoparticles are presented. The square packing  is not a natural arrangement of 
nanoparticles deposited on a substrate but frequently found on substrates along with 
hexagonally packed nanoparticles. No method has been developed or reported in 
scientific literature yet which can guide the nanoparticles to arrange in a square 
arrangement [58]. We have used frequently found square assembly to create 
nanostructures. Defects also abound in the self assembly of nanoparticles due to 
different factors such as nonuniformity in surface energy, change in deposition 
conditions during drying process of nanoparticles and other external factors such as the 
presence of vibration and noise which prevents nanoparticles from arranging in a well 
ordered fashion. Figure 4.13 shows the SEM image of an area of nanoparticles arranged 
in a square packing. Magnetic properties of these nanostructures are reported in detail in 
chapter 9. 




Figure 4.13 Scanning electron micrograph of square assembly of polystyrene 
nanoparticles. 
 
4.2.1 Astroids and chains 
 
Square assembly of nanoparticles has interstitial space different from the previously 
discussed hexagonal packing of nanoparticles. When nanoparticles are arranged in 
square pattern, an interstitial gap of astroid shape is created between nanoparticles. 
Figure 4.14(a) shows the nanostructures obtained after depositing a thin film through 
the interstitial spaces and lift off the deposited material. The radius of curvature of the 
astroid pattern is 500 nm due to the spherical nature of the nanoparticles and it has 
dimension of 400 nm by 400 nm along the two axes of the astroid, as shown by the 
white arrows in figure 4.14(a).    
 
When defects in a nanoparticle arrangement create a shift between two neighboring 
nanoparticles, the two neighboring astroids are connected, forming a chain of two 
astroids. This was utilized to fabricate astroid chains. The length of a chain depends on 
the defect length. Figure 4.14(b) shows the topography of two astroids connected 
together. The length of the link depends on the diameter of nanoparticles used in the 
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process and the distance between the centers of two astroids is 500 nm. Images of 
chains having 3 astroids, 4 astroids and 5 astroids are shown in figure 4.14(c)-(e) 
respectively. Figure 4.14(f) shows the image of a long chain of 13 astroids. However if 
we use the controlled oxygen etching on the nanoparticles as explained in section 3.2, 
long astroid nanowires can be intentionally fabricated by selective shadow etching of 
nanoparticles arranged in square arrangement as shown in figure 4.14. Fabrication 
process of these nanostructures has not been developed yet, but these nanostructures can 
be used to study the nanoscale magnetic properties of these different shapes such as 





Figure 4.14 Scanning electron micrographs of astroid chains having (a) single element, 
(b) 2 elements, (c) 3 elements, (d) 4 elements, (e) 5 elements, and (f) 13 elements.  
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4.2.2 Disks patterns 
 
The process of fabricating disks with an inner hole described in section 3.1.4 using a 
two-step deposition method of nanoparticles can be further extended to the square 
assembly of nanoparticles. With square arrangements, disks with a square hole in the 
center were fabricated. Figure 4.15 shows the SEM image of such pattern created in 
NiFe film. The dimension of the square hole depends on the nanoparticle diameter and 
has a dimension of ~ 200 nm by 200 nm when fabricated using nanoparticles of 500 nm 
diameters. Overlapping of the two deposition steps of the square arrangement of 
monolayer will create a mesh of disks with square holes. Figure 4.16 shows the image 
of such a mesh.  
 




Figure 4.16 Scanning electron micrograph of array of nanostructures fabricated by the 
overlap of two layers.  
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In summary, applications of nanosphere lithography are not limited only to the 
fabrication of triangular patterns, but can be further extended to fabricate new types of 
nanostructures of different shapes and sizes. Arrangement of nanoparticles in square or 
hexagonal packing was explored by combining with different etching techniques to 
create new nanostructures which can be of great interest in further study of nanoscale 
physics. 
 




Characterization of triangular patterns 
In this chapter, a brief introduction to magnetization reversal processes is given along 
with a simple explanation of 2-dimensional micromagnetic simulations method 
performed using Object Oriented Micro Magnetic Framework (OOMMF) code. 
Magnetic properties of triangular patterns are discussed based on magnetic force 
microscopy (MFM) observations and OOMMF simulation results.  Due to the shape 
anisotropy effect, triangular nanostructures can be made to maintain perpendicular out-
of-plane magnetization by tailoring their aspect ratios. Their switching behavior was 
investigated by applying a varying perpendicular out-of-plane field and observing its 
effect on their magnetization states at remanence of each applied field step. 
5.1 Theory of magnetization 
An understanding of the properties of magnetic particles has come slowly and only after 
much experimental and theoretical research. It can now be claimed that magnetic 
behavior of fine particles is broadly, but still not precisely, understood [93]. Figure 5.1 
shows the division of size range, in relation to the coercivity variation with particle 
diameter D. The switching mechanism of magnetization of a particle differs from one 
part of the size range to another. This section will give a brief introduction of these 
different switching mechanisms.   
 
For large particles with diameter greater than D = Ds (as shown in figure 5.1) the 
arrangement of spins is multi-domain and magnetization changes by domain wall 
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motion. Below the critical diameter Ds, which is not well defined, the particle becomes 
single domain and its coercivity reaches a maximum. In this range, particles of size Ds 
and smaller, change their magnetization by spin rotation, but more than one mechanism 
of rotation can be involved. As the particle size decreases below Ds, the coercivity 
decreases because of thermal effects. Below a critical diameter Dp, thermal effects are 
strong enough to spontaneously demagnetize a previously saturated assembly of 
particles. This is called the superparamagnetic effect [94].  
 
Figure 5.1 Variation of intrinsic coercivity with particle diameter showing the regimes 
of single and multi-domain formation (schematic). 
 
The magnetic properties of a nanostructure are defined by its domain arrangement and 
switching behavior in the presence of an applied field. The magnetic hardness of 
nanoparticles and nanostructures is due to the forces of shape and/or crystal anisotropy. 
In order to study the effect of either of these alone, particles can be made spherical, to 
eliminate shape anisotropy or make elongated particle of a material having low or zero 
crystal anisotropy. In a material of zero or insignificant crystal anisotropy, the shape of 
nanostructure plays important role in its magnetic behavior as seen below for a 
hypothetical system of three magnetic nanoparticles A, B, C.  
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 The nature of interaction among the magnetic particles of a system can be understood 
with the help of the schematic in figure 5.2. If the external field of particle A is sketched, 
this field is acting in +z direction on particle B below it, but in –z direction on particle C 
beside it. This “interaction field” depends not only on the separation of two particles, 
but also on their positions relative to the magnetization direction of the particles 
considered as the source of the field.  
 
Suppose the Ms vectors of these particles have been saturated upward by a strong field 
in the +z direction. This field is then reduced to zero and increased in the –Z direction. 
The field of A at C now aids the applied field and C would reverse its magnetization at a 
lower field than if A were absent. The opposite conclusion would be reached if we 
considered only the pair of A and B particles. For a real system with large number of 
particles as shown in figure 5.2(b), the quantitative study of interaction among the 
nanoparticles is almost impossible.  In order to compute the coercivity, it is necessary to 
know the field at the interior particles due to all the other particles, both at the start and 
during reversal.  
 
Figure 5.2 (a) Interactions among magnetic nanoparticles A, B, and C in a 3 particle 
system, (b) a system of randomly arranged nanoparticles. 
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When fine magnetic nanoparticles or magnetic nanomagnets are compacted in a 
specimen, the packing fraction p, defined as the volume fraction of magnetic particle in 
the specimen, is an important factor and coercivity depends on p as given by equation 
5.1 below:  
Hci(p) = Hci(0) (1-p), where Hci is the coercivity of an isolated particle (p=0).         (5.1) 
As p increases, the particles come close together, and the interaction becomes stronger.  
The coercivity continues to decrease, and at p =1, all particles are in contact and shape 
anisotropy is lost. The coercivity becomes zero if other forms of anisotropy are absent. 
In magnetic nanostructures of different shapes and sizes, the shape anisotropy will 
dominate if crystal anisotropy is absent. It will be shown in next few chapters how the 
magnetic properties of different nanostructures fabricated in a magnetic material of 
Permalloy (Ni80Fe20) depend on their shapes and sizes.  
 
The switching mechanism of magnetization in the nanostructures also depends on their 
shape and the magnetic interaction between the atomic nanomagnets of the 
nanostructures. In isolated nanomagnets, magnetization reverses coherently and the 
spins of all the atoms in the nanoparticles remain parallel to one another during the 
rotation; this mode of reversal is called coherent rotation, or Stoner-Wohlfarth mode 
[95]. When the particles are packed together, incoherent spin rotation is possible. it can 
rotate by two possible reversal mechanisms as shown in figure 5.3: (a) symmetric 
fanning in which the Ms vectors of successive spheres in the chain fan out in a plane by 
rotating in alternate directions on alternate spheres and (b) coherent rotation in which 
the Ms vectors of all the spheres are always parallel.  
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For two spheres assumed to be single domain with no anisotropy of its own and with 
coherently reversing spins and each sphere having a magnetic moment µ and diameter a, 
The intrinsic coercivity of fanning and coherent reversal modes can be calculated as 
shown by equation 5.2 and 5.3, respectively [93]. 









πµ ==  ,    (5.2) 









πµ == .    (5.3) 
 
Figure 5.3 External fields of nanomagnets reversing by fanning and by coherent rotation 
 
The magnetostatic coupling between two dipoles causes the pair to have a uniaxial 
anisotropy with an easy axis along the line joining the dipoles. In fanning mode, spins in 
one sphere are not parallel to those in adjacent spheres at the point of contact, and hence 
exchange energy also becomes important. Fanning mode is preferable because it 
reduces the spatial extent of external field of the spheres and hence the total 
magnetostatic energy and coercivity is one third of the coherent rotation.  
 
Another mode of reversal was proposed by Frei, Shtrikman and Treves [96, 97] by the 
method of micromagnetics as shown in figure 5.4.  In this mode the spins form closed 
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circles of flux in all cross sections. So no free poles are formed and no magnetostatic 
energy is involved. The energy barrier for a curling reversal is entirely exchange energy 
because the spins are not parallel to one another during reversal. Coherent rotation will 
produce free poles on the surface. The critical radius of spherical particle for curling 
mode is defined as
s
o M
AR = , where A is exchange energy constant and Ms is saturation 
magnetization. So for particles with radius R > 1.1 Ro, curling will take place and for R 
< 1.1 Ro, coherent rotation will be the switching mode of magnetization reversal [97]. 
For non-spherical particles, some magnetostatic energy will be generated during 
reversal because spins are no longer always parallel to the particle surface.  
 
Figure 5.4 Schematic of curling and coherent rotation modes of magnetic spins and pole 
formation. 
 
In conclusion, small particles will reverse coherently and large particles by curling. The 
main reason is the rapid increase of magnetostatic energy with particle size for coherent 
rotation, because this energy is directly proportional to particle volume. In curling 
reversal, the mean angle between adjacent spins is less and exchange energy per unit 
volume is smaller. Large particle can therefore reverse by curling which involves 
exchange energy but with flux closure and low magnetostatic energy depending on the 
shape of the particle. In very small particles, the magnetostatic energy required for 
coherent rotation is less than the exchange energy required for curling so that coherent 
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reversal is preferred. In nanostructures of different shapes and sizes, the competition 
between the exchange and magnetostatic interaction decides their domain configuration 
and switching behavior. This is further discussed in the next few chapters for triangles, 
dumbbells, zigzag and astroid shaped nanostructures, and experimental results are 
correlated with micromagnetic simulations considering the competition between these 
two interactions. 
5.2 Micromagnetic simulation  
 
As the magnetic nanostructures enter the regime of nanostructure technology, a 
profound understanding of the associated magnetization processes is necessary. 
Micromagnetism is a first principle theory for the treatment of magnetization processes 
in ferromagnetic materials [98]. The only inputs for the micromagnetic calculations are 
the intrinsic magnetic properties and the microstructures. The theory of 
micromagnetism considers the total magnetic Gibbs’s free energy, ET which is written 
as the sum of several energy contributions as given by equation below. 
maganexappT EEEEE +++=             (5.4) 
Where Eapp is the Zeeman energy describing the interaction of the particle 
magnetization with an applied field, Eex is the exchange energy, Ean is the 
magnetocrystalline anisotropy energy. Emag is the magnetostatic interaction (or stray 
field) energy. Each of the terms in the above equation represents an energy function. 
Another contribution, magnetoelastic energy, which arises from magnetostriction, is 
omitted. When a ferromagnet is magnetized, it shrinks or expands in the direction of the 
magnetization (observed by Joule in 1842). As a result, the volume changes and with it 
is the saturation magnetization, which is defined as the magnetic moment in saturation 
per unit volume. However, in micromagnetics it is assumed that the saturation 
magnetization remains constants. The micromagnetic model suggests that the 
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equilibrium of ferromagnetic system is achieved through minimization of the total 
magnetic Gibb’s free energy.  
Zeeman energy arises from the interaction of the magnetization with an applied or 
external magnetic field. Writing the magnetic moment density as α.MsM =  and the 
applied field as appappH α.  where α  is the directional cosine of the magnetization 





,       (5.5)  
where V indicates integral over the volume of a particle. The applied field and the 
magnetization can be spatially varying but the Zeeman energy tends to rotate the 
magnetization polarization parallel to the applied field where the Zeeman energy is 
minimized.  
 
The exchange interaction was first treated by Heisenberg to interpret the origin of the 
enormously large molecular field acting in ferromagnetic material. This interaction is 
due to quantum-mechanical effects. According to Pauli’s exclusion principle, the 
exchange interaction may be understood as follows: suppose that two atoms with 
unpaired electrons approach each other. If the spins of these two electrons are 
antiparallel to each other, the electrons will share a common orbit, thus increasing the 
electrostatic coulomb energy. If, however, the spins of these two electrons are parallel, 
they can not share a common orbit because of the Pauli’s exclusion principle, so they 
form separate orbits, thus reducing the coulomb interaction. Two neighboring spins Si 
and Sj are exchange coupled with an energy given by jiijij SSJV •−= ..2 , where Jij is 
the quantum mechanical exchange integral. Since the exchange interaction is short 
ranged, the value of J is largest for the nearest neighbour’s spins. This tendency to align 
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the nearest neighbours spin parallel (for positive J) causes complete alignment of entire 
spin system, which results in ferromagnetism. 





       (5.6) 
 
where Hms is the demagnetizing field due to  magnetostatic volume and surface charges, 
and M(x) is the magnetization distribution function. The magnetostatic interaction may 
be taken as the interaction of each dipole with the applied field Hms created by the other 
dipoles as discussed previously, and a factor ½ is introduced in order to avoid double 
counting.  
 
There are several types of anisotropy, the most common of which is the 
magnetocrystalline anisotropy caused by the spin-orbit interactions. The electron orbits 
are linked to the crystallographic structure, and by the interaction with the spins, they 
make the spins ‘prefer’ to align along well defined crystallographic axis. There are 
therefore directions in space in which it is easier to magnetize a given crystal than in 
other directions. The magnetocrystalline anisotropy is usually small compared to the 
exchange energy. The magnitude of the measured magnetization in the direction of the 
applied field is determined almost only by the exchange interaction, and the direction of 
the magnetization is determined by the anisotropy. The magnetocrystalline anisotropy 
arises from the interaction of the magnetization with an applied or external magnetic 
field. Hence, domains are normally arranged along well aligned directions, and are not 
randomly oriented. The magnetocrystalline anisotropy energy is defined mathematically 
as: 






        (5.7) 
where ),,( γβαanu  is an expansion of the local crystallographic energy density. 
γβα ,, are directional cosines between the direction of magnetization and the lattice 
structure edges. For Permalloy (Ni80Fe20) material, 0),,( =γβαanu , hence 0=anE . 
 
Upon the minimization of the total magnetic Gibb’s free energy, the competitive effects 
of different energy contributions determine the equilibrium distribution of the 
magnetization. Each stable equilibrium state of the magnetization corresponds to a local 
minimum of the total magnetic Gibbs’s free energy. Small changes of the applied field 
alter the energy scapes. A shift of position of local minimum with respect to the 
magnetization spin angles corresponds to reversible rotations of the magnetic moments. 
However at some critical fields a local minima may vanish and the system proceeds 
towards the next local minimum. This change of energy curvature indicates irreversible 
magnetization processes. Hysteresis is the way in which system follows its path through 
the energy space for decreasing and increasing applied fields.  
 
The micromagnetic simulation program used in this thesis is the object oriented 
micromagnetic framework (OOMMF). OOMMF is a project developed in the 
mathematical and computational science division (MCSD) of the Information 
Technology Laboratory/National Institute of Standards and Technology (ITL/NIST). 
The program is available to the public domain at their website [99].  
 
The OOMMF solver utilizes a heavily damped Landau Lifshitz equation to relax 3D 
spins on a 2D mesh of square cells, using a Fast Fourier Transforms (FFT) to compute 
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self-magnetostatic (demagnetization) field [100-102]. Anisotropy, applied field, and 
initial magnetization can be varied point-wise, and arbitrary shaped elements can be 
modeled.  




M M H M M H .      (5.8) 
Here,  γ is the gyromagnetic ratio and α is the dimensionless damping coefficient. The 
effective field Heff = -µ0-1∂e/∂M, where e is the energy density calculated by Brown’s 
equation [98].  
  
The Landau Lifshitz equation (eqn 5.8) basically describes the magnetization of each of 
the mesh elements in terms of the dynamic character and switching mechanism of a spin 
system. This involves rigorous derivation and understanding of the gyromagnetic effect 
[103, 104]. Further details can be found at the website link.  
 
In all the OOMMF simulations discussed in this thesis, perfect ideal patterns were used 
in the numerical calculations, at the absolute zero temperature and their switching 
behavior was compared with the observed experimental results and interpreted in terms 
of how close they agree with each other. It is impossible to calculate the magnetic 
interaction at the atomic level; hence a cell size of 5nm by 5nm was used for all the 
calculations during all the simulations. Dimension of cell size was chosen to be 5nm by 
5nm to avoid unreasonable longer calculation time it takes for a complete Hysteresis 
cycle. However, it was found that reducing cell size to 2nm by 2nm did not cause any 
significant change in the results, but increased the simulation time by several orders of 
magnitude. A single cell of 5nm by 5nm was used to represent a group of atomic spins 
contained in that volume during micromagnetic simulations. The magnetic moment of 
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atomic dipoles or spin alignment are two terms used interchangeably in this thesis and 
represents the alignment and direction of atomic dipoles within a single cell as a whole. 
The roughness and temperature dependent simulations of fabricated devices and 
nanostructures are not included in this thesis and can be explored in future studies.  
5.3 Characterization of Permalloy triangles 
 
The shape dependence of magnetic properties for triangular nanostructures can be 
studied by fabricating them using Permalloy (Ni80Fe20) thin films. Permalloy has 
negligible crystal anisotropy and hence is a suitable material for fabricating different 
types of nanostructures, and to observe the effect of shape anisotropy on the spin 
arrangement in a given pattern. A single layer of Permalloy was evaporated onto the 
nanoparticle mask by evaporation using an electron beam evaporator system at a 
deposition rate of 0.05 Å/sec and base pressure of 9.06x10-7 torr. Different thicknesses 
were deposited to vary the aspect ratio of nanostructures. Magnetic characterization of 
these nanostructures was carried out using a vibrating sample magnetometer (VSM), 
and magnetic force microscopy (MFM). Because of inherent defects in the monolayer 
on a large coverage, VSM method may not be so suitable because the measured signal 
will consist of signals from isolated patterns as well as the continuous layers from the 
defect sites. MFM images give information about the arrangement of magnetic spin in a 
localized area of the array, however the resolution of the signal is limited by the tip 
diameter and scan height. A low moment tip was used to scan the sample to minimize 
the stray field effects from the tip. The tip was magnetized with the south pole of the 
magnet pointing downward, before the scanning of samples. Two-dimensional object 
oriented micro magnetic framework (OOMMF) simulations [99] are used to explain the 
magnetic spin distributions in the nanostructures and results are correlated with domain 
patterns observed by MFM.  
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5.3.1 Magnetic domain study 
Figure 5.5(a) shows the topography of a single triangular Permalloy nanostructure. The 
triangle has a side edge of 120 nm and thickness of 40 nm. The white arrow shows the 
applied field direction to magnetize the spins along the direction of arrow. Figure 5.5(b) 
shows the image of magnetic domains in the triangle as observed by MFM after 
applying a field and reducing it to zero. The MFM image shows a white contrast at one 
end and black contrast at the other two ends of the triangle. Here, black contrast 
represents the north pole of the spins in the nanostructure and white contrast represents 
the south pole of the spins, thus indicating the alignment of spins from black to white 
region in MFM images as shown below.   
 
Figure 5.5(a) Atomic force micrograph showing the topography of the triangle, and (b) 
Magnetic domain pattern inside it at the remanence. 
 
In the triangular patterns, the magnetic spins are aligned from two corners of the 
triangle towards the center of triangle, and aligned outward at the third corner, which 
appears as asymmetric distribution of contrasts in the MFM image. It shows an in-plane 
magnetization of the nanostructure. Being a shape with odd number of sides, the 
triangular shape gives rise to asymmetric distribution in the spin alignments, and the 
MFM contrast is spread unevenly. 
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5.3.2 Simulations of spin states 
 
Figure 5.6 shows the in-situ spin arrangements in the triangular pattern, obtained during 
simulation of magnetization reversal cycle, by sweeping the applied field from 2000 Oe 
to -2000 Oe.  Spins are aligned along the field direction in figure 5.6(a). At remanence, 
the spins are relaxed and their arrangement is divided along the perpendicular bisector. 
Similar results were reported for triangular patterns fabricated by nanosphere 
lithography by the group of Zhong et al. [126]. Spins are aligned in such a way that they 
seem to be entering the pattern from left and top corners of the triangle and seems to be 
coming out of the right corner (fig 5.6). The top and left corner will appear as dark 
region if scanned by a MFM tip and right corner appears white. It agrees well with the 
observed MFM pattern shown in figure 5.5. 
 
When a negative field is applied to reverse the spin direction or magnetization of the 
triangular pattern, the spin states in figure 5.6(c) show that the spins in the top sections 
starts to turn toward left while the spins in bottom are turning toward right showing a 
fanning mode of spin reversal. With further increase in the strength of negative field, 
spins rotate further (fig 5.6d) and form a spin arrangement (5.6e) opposite to the state 
observed at the remanence. At large negative fields (fig 5.6f) spins follow the applied 
field direction having a parallel spin arrangement.  
 
Figure 5.7 shows the half loop of the magnetization cycle as the field is swept from 
2000 Oe to -2000 Oe. Exchange and magnetostatic energy calculated at each field step 
during the field sweep are also shown. Only the positive field sweep is shown for clarity, 
because reverse field cycle will have the mirror image of figure 5.7. The hysteresis 
cycle shows that the saturation magnetization is at maximum at high fields and drops 
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gradually as the field is reduced to zero, due to spin rotating away (fig 5.6b) from the 
applied field direction.  
 
 
Figure 5.6 In-situ spin arrangement in the triangular pattern at (a) H = 2000 Oe, (b) 0 
Oe, (c) H = -400 Oe, (d) H = -450 Oe, (e) H = -480 Oe, (f) H = -2000 Oe.  
 
As the field reverses its direction, spins in the top corner rotate first (which can be seen 
in spin diagram fig 5.6c) which causes a drop in the magnetization as seen by a jump in 
the hysteresis loop. Next jump is observed when rest of the spins in the triangles turn 
away along the negative field direction, and due to curling of spins the total 
magnetization drops.  The exchange and the magnetostatic energy curves follow the 
jump in the magnetization curve. Initially at high fields, the magnetostatic energy was 
high when all the spins were forced to follow the applied field. The magnetostatic 
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energy is at minimum when spins are curled inside the triangle and the exchange energy 
is at maximum. The exchange energy drops suddenly when all the spins have turned 
their direction along the negative field direction. After that exchange energy drops 





Figure 5.7 Hysteresis cycle, variation of magnetostatic energy and exchange energy 
during the magnetization cycle of the triangular patterns. 
 
5.3.3 Effect of aspect ratio 
Spin states in figure 5.6 show that the shape anisotropy can create asymmetric 
distribution of spins in triangular patterns which was also confirmed by MFM images. 
The triangular patterns are the natural patterns fabricated by the self-assembled mask of 
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nanoparticles. Different aspect ratio of the triangular dots can be created by increasing 
the height of the patterns to tune their properties for further useful applications. Some 
results reported in the literature also show the tailoring of preferred magnetization from 
in-plane to out-of-plane magnetization by tuning their aspect ratios. The magnetization 
was preferred in perpendicular direction for patterns with aspect ratio (height/length) > 
0.5 [126]. The aspect ratio of 0.5 is decided by the shape anisotropy of its triangular 
shape. Figure 5.8 shows the schematic of a triangular pattern of dimension 120nm and 




Figure 5.8 (a) Diagram of a single equilateral triangle of dimension 120 nm, (b) 3-D 
schematic of triangular nanostructure.  
 
Nanostructures of two aspect ratios were fabricated after etching pits inside the silicon 
substrate as discussed in section 4.1.4, and filling them with the Permalloy having 
thicknesses of 40 nm and 150 nm respectively. It creates magnetic triangular dots of two 
aspect ratios embedded inside the silicon substrate. The embedded dot with tunable 
perpendicular shape anisotropy [13, 14] is an attractive concept for applications such as 
embedded media. Embedded media with a controlled surface roughness thus could be a 
Chapter 5 Characterization of triangular patterns 
 78
potential application for future high density recording, because this prevents the sensor 
head from colliding with other type of media having protruding structures at low fly 
heights. 
 
Figure 5.9(a) shows the SEM image of pits filled with the magnetic material. Figure 
5.9(b) & (c) show the MFM image of the embedded dots of thickness 40 nm and 150 
nm respectively. The MFM image of the 40 nm pit shows asymmetric contrast within a 
single triangle, same as seen for the patterns in figures 5.9(b). It shows that the patterns 
have magnetization aligned in the plane of nanostructures. Figure 5.9(c) shows only one 
type of contrast in a single triangular pattern. Left section of triangular array shows 
black contrast where right section shows only white contrast. A single color within a 
pattern means that only one pole of embedded magnet is visible to the MFM tip 
indicating perpendicular alignment of spins inside these dots. In these patterns, when 
spins are aligned vertically out-of-plane, the MFM tip sees only one pole of magnet and 
it is reflected by uniform black/white regions in the MFM images. It shows that for 
embedded dots, perpendicular alignment of spins can be achieved for aspect ratio of 1:1 
and beyond and can serve as embedded perpendicular media. 
 
 
Figure 5.9(a) Large area view of pits filled with Permalloy, (b) Zoom-in MFM image of 
40 nm embedded media, (c) Zoom-in MFM image of 150 nm embedded media.  
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5.3.4 Hysteresis measurement on embedded dots 
The hysteresis measurement for a 150 nm Permalloy reference film shows an in-plane 
magnetic easy axis with a coercivity of 2 Oe as measured by the VSM system. Figure 
5.10 shows the in-plane and out-of-plane hysteresis measurement cycle of the embedded 
dots of height 150 nm. Because of the inherent defects in the self-assembled monolayer 
mask, large defect sites with continuous Permalloy film are also created along with the 
embedded dots and these defects sites form ~50% of the total patterned area. These 
continuous defect sites give a thin in-plane hysteresis loop with high remanence 
magnetization, and a coercivity of 5 Oe during the in-plane VSM measurement. In 
contrast, the out-of plane hysteresis loop shows a big increase in coercivity from 5 Oe to 
62 Oe, and a relatively high remanance at zero fields. This is attributed to signal from 
the perpendicularly aligned embedded dots. These embedded dots are magnetized in the 
perpendicular direction and account for the increase in coercivity and high remanent 
magnetization observed in the out-of-plane hysteresis cycle. If these dots do not have 
out-of-plane magnetization, the remanent magnetization should be zero at remanence 
for a continuous film in this case.  
The out-of-plane hysteresis cycle shows that embedded dots are suitable candidates for 
patterned media applications where the ‘spin up’ and ‘spin down’ magnetization states 
in the dots can be used to represent ‘1’ and ‘0’ states. Perpendicular orientation of 
magnetic spin is highly preferred as it gives higher storage density for embedded media. 
This can be realized by creating high aspect ratio structures, which creates the 
preferable alignment of magnetization in out-of-plane direction. 





















































Figure 5.10 In-plane and out-of-plane magnetic hysteresis loops measured by VSM for 
150 nm thick embedded media 
 
 
5.3.5 Magnetization reversal in embedded dots 
The magnetization reversal of the embedded patterns was further investigated by MFM 
imaging, for their spin alignments at remanence as the applied field is increased in 
gradual steps from one perpendicular saturation state to another. The sample was 
imaged at remanence to study the remanent state to which embedded dots relax in the 
absence of applied field at different field steps, and results are shown in figure 5.11. The 
magnetization direction and applied field values are shown next to the images in figure 
5.11.  The symbol ⊗  indicates the into-the-plane alignment of the applied field with the 
sample plane and, the symbol of circle with a dot (• ) inside shows the out-of-the-plane 
alignment. An increasing negative field was applied to reverse the magnetic states of 
embedded dots, and MFM images were taken at remanence to observe switching of 
their spin states.  
 
Figure 5.11(a) shows the MFM image of an array of 150nm thick embedded Permalloy 
dots, taken at remanance before any field was applied. The domain arrangements in the 
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MFM image show the magnetization oriented perpendicularly to the sample plane, with 
white dots representing the out-of-the-plane magnetization and black dots an into-the-
plane magnetization. This is consistent with the results from the out-of-the-plane 
hysteresis loop discussed in previous section. First, the dots are saturated by applying a 
field of H = 4000 Oe pointing into-the-plane and sample was imaged after reducing the 
field to H = 0 Oe. The MFM image (fig. 5.11b) taken at remanence, shows that the 
nanostructures are mainly magnetized into-the-plane, as represented by the dark 
contrasts. The only exception is one white dot encircled by dotted lines, which shows 
opposite alignment. It could be due to its internal inhomogeneities that this dot relaxes 
back to this state. 
 
Now, a reverse field, H = 80 Oe with out-of-plane alignment with respect to sample 
plane is applied. Figure 5.11(c) shows the switching of two dots as encircled by the 
white lines, at remanence of this state. When the field is further increased to 120 Oe 
(Fig 5.11d), another dot switches its direction depending on the coercivity of individual 
dots, followed by switching of next dot at H = 140 Oe (fig 5.11e). The neighboring dots 
switch independently of each other, indicating absences of any significant interaction 
between them when the field is increased in steps as seen in figures 5.11(f)-(i) as 
indicated by circles and arrows. Figure 5.11(j) shows most of the dots to be magnetized 
out-of-plane at H = 1000 Oe, except six black dots whose locations correspond to the 
same six black dots seen in figure 5.11(a). The occurrence of into-the-plane 
magnetization for these six dots is attributed to the interaction with the stray field from 
the magnetic force microscope tip which causes an easy reversal of their magnetization. 
When into-the-plane field was applied, all the dots were saturated in out-of-plane 
orientation (fig 5.11b). After the reverse saturation field is applied and removed, and the 
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sample is scanned with the MFM tip, these six dots switch their orientation under the 
influence of field from the tip. The rest of the dots are still magnetized along-the-field 
direction. Internal inhomogeneities and edge irregularities in the nanostructures can 
account for their unstable switching behaviors under the effect of stray fields from the 
MFM tip. The same reason also accounts for the large distribution in the switching 
fields (100-1000 Oe) of the individual dots as observed during their magnetization 
reversal in the MFM images of figure 5.11. To make the dots practical for data storage 
application, aspect ratios can be increased further to increase the switching hardness of 
these dots, and slow deposition rates should be used to remove internal material 
inhomogeneities during deposition of magnetic films inside the grooves. 
 
To countercheck for any in-plane magnetization component present in these embedded 
dots, an in-plane magnetic field was applied to these embedded nanomagnets, parallel to 
the sample plane and scanned by MFM again for in-plane component of magnetization. 
It was found that the dots were still magnetized in the perpendicular direction, normal to 
the sample plane. 
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Figure 5.11 Magnetic force micrograph (a) before application of field, (b) at remanance 
after magnetizing in a field of H = 4000 Oe directed into-the-plane, (c) 80 Oe out-of-
plane, (d) 120 Oe out-of-plane, (e) 140 Oe out-of-plane, (f) 160 Oe out-of-plane, (g) 180 
Oe out-of-plane, (h) 250 Oe out-of-plane, (i) 500 Oe out-of-plane, (j) 1000 Oe out-of-
plane. 
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It can be concluded that embedded dots or embedded media can be fabricated using self 
assembly methods and their magnetization direction can be tailored to be oriented in 
perpendicular direction by tuning their aspect ratios. The patterns switch independently, 
without affecting their neighbours and are magnetized in perpendicular direction to the 
sample plane because of their shape anisotropy. The above discussion shows that it is 
feasible to design an array of embedded dots using self assembled mask with thermally 
stable perpendicular magnetization direction for applications in perpendicular media 
and patterned media. 




Characterization of dumbbell nanostructures 
This chapter presents the characterization of dumbbell shaped nanostructures fabricated 
by connecting the two neighboring triangles of the self-assembled mask of nanoparticles 
as discussed in section 4.1.2. Arrays of these nanostructures were investigated by 
scanning electron microscopy (SEM) and magnetic force microscopy (MFM) for their 
topography and magnetic properties. OOMMF micromagnetic simulations were used to 
understand their spin arrangement at different steps of the applied field. Similar types of 
nanostructures have been the focus of recent studies [105, 106] because of their shape 
anisotropy and the contribution of their neck in their switching mechanism between two 
saturation states. Figure 6.1 shows the SEM image of dumbbell patterns fabricated by 
depositing a 40nm permalloy film. These patterns have necks of varying thickness, 
which can be attributed to the non-uniformity in the mask feature due to local variation 
in the surfactant concentration. A faint ring is also seen which results from the 
deposition of high energy permalloy particles under the original position of the 
nanosphere and partially blocked during electron-beam evaporation. 
 
Figure 6.1 SEM image showing the oblique profile of dumbbell patterns obtained after 
lift off of nanoparticles 
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6.1 Magnetic domain study 
 
Figure 6.2(a) shows the topography of an array of nanostructures investigated by 
magnetic force microscopy for their domain arrangements. Figure 6.2(b)-(c) are the 
magnetic domain arrangements at remanence after saturating the nanostructures at a 
field of H = 10,000 Oe applied along the long, and short axes of the nanostructures 
respectively. The white arrows show the applied field direction. 
 
Figure 6.2(b) shows strips of alternating black and white contrasts along the length of 
the nanostructures. A black contrast represents the North of the atomic magnets and the 
white region represents the South, thus demonstrating the alignment of spins from black 
to white contrasts in the nanostructures. The domain image seen in figure 6.2(b) shows 
that spins in the two triangular sections of dumbbells are aligned along the applied field 
direction even after the removal of the applied field. Alternating nature of black white 
strips represents the alignment of spins within in each triangular section of the dumbbell. 
Due to the gradient in the magnetic signal caused by the thin neck connecting the two 
triangles into a dumbbell, the magnetic signal in the MFM appears as alternating black-
white strips. The spins are aligned along the long axis of the dumbbell as a whole.  
 
Figure 6.2(c) shows the remanence domain pattern after the application of H = 10,000 
Oe along the short axis of the dumbbell, showing a contrast pattern similar to the 
previous case of long axis remanence. It shows that the spins are still aligned along the 
long axis, which is attributed to the shape anisotropy present in these nanostructures. A 
small difference can be seen in MFM contrasts of 2nd and 3rd elements for the two 
cases of applied fields in figure 6.2(a)-(b), but spins are largely aligned along the long 
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axis of the nanostructures. This property is attractive for applications such as MQCA 
systems [105, 106] where single alignment of spins is preferred.  
 
 
Figure 6.2 (a) Topography of patterns investigated for their domain distributions, (b) 
MFM image of nanostructures at remanence after long axis saturation, (c) MFM image 
of pattern at remanence after short axis saturation. Arrows show the direction of the 
applied field. 
6.2 OOMMF simulations 
OOMMF simulation of dumbbell elements was run for both cases of long and short axes 
applications of the applied field. A cell size of 5 nm by 5 nm was used for 
micromagnetic simulations, using an ideal shape of the dumbbell of 20nm wide neck, 
and no rounding of the corners. The applied field was varied in steps from 10000 Oe to -
10000 Oe in steps of 10 Oe to observe all the switching steps. The magnetization curve 
is plotted in figure 6.3 for both short and long axes alignments of the applied field. 
Dotted lines act as a guide at different steps to compare the magnetization values during 
the field reversal. These steps correspond to distinct rotations of spins during their 
reversal process.  
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Figure 6.3 shows that the switching of magnetization states along the long axis occurs at 
a well defined field, whereas the magnetization cycle along the short axis shows distinct 
steps before switching to opposite saturation state. The origin of these steps seen in the 
short axis hysteresis cycle is attributed to the unique shape of the dumbbell 
nanostructures. Along the long axis, all the magnetic spins rotate at the same time which 
requires large fields. Along the short axis, the spins in the two triangles can be easily 
twisted by the applied field because of its alignment, and the presence of thin neck 
between two triangular sections of the dumbbell. It explains the lower switching field 
observed for the short axis reversal process. The two magnetization values along the 
short and long axes were normalized with respect to the fixed value of long axis 
saturation magnetization for the comparison of the results. The saturation magnetization 
along the short axis is lower than the long axis saturation value because the spins are not 




Figure 6.3 Simulated hysteresis loops for a dumbbell pattern. Line with circles shows 
the hysteresis cycle along the long axis and the line with crosses shows the hysteresis 
cycle along the short axis. Inset shows the shape of simulated nanostructure. 
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Figure 6.4 shows the sequence of spin states obtained at different steps during the 
process of long axis magnetization reversal. Spins states in figure 6.4 show that at a 
high field of H = 2000 Oe, spins are aligned parallel to the applied field direction. When 
the field is reduced to H = 0 Oe, the spins relax to their lowest energy configuration. 
Spin alignment at the two ends of the nanostructure follows the curvature of geometry 
of nanostructure. When the applied field is reversed, the spins start to rotate first in the 
top-left and the bottom-right sections of the nanostructures as shown by the spin states 
at field H = -300 Oe. This fanning [93] mode of spin reversal continues, as observed in 
the spin states calculated at the field values H = -500 Oe, and H = -910 Oe. All the spins 
reverse their orientations at the switching field of H = -1000 Oe, which appears as a 
sharp switching in the magnetization cycle shown in figure 6.3. 
 
 
Figure 6.4 Spin states at different steps during magnetization reversal along the long 
axes of nanostructures at an applied field of (a) H = 2000 Oe, (b) H = 0 Oe, (c) H = -300 
Oe, (d) H = -500 Oe, (e) H = -910 Oe, (f) H = -1000 Oe. 
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Figure 6.5 shows the spin states during the magnetization reversal along the short axis. 
At high fields H = 10,000 Oe, all the spins are aligned parallel to the applied field, along 
the short axis of the nanostructure. As the applied field is reduced to H = 2000 Oe, the 
spins in triangular section still remain aligned parallel to the short axis of 
nanostructures, the spins in the neck start to turn along the long axis of dumbbell, 
making a small angle away from the short axis of the nanostructure. It can be attributed 
to the anisotropy created by the thin neck connecting two triangular sections of the 
nanostructure. At remanence, at H = 0 Oe, spins at the two ends of dumbbells are still 
aligned parallel to the applied field, but the spins in the left triangular section near the 
neck are gradually turning following the alignment along the neck of nanostructure. 
Similar turning of spins is also observed in the right triangular section. The spins in the 
neck are already aligned along the long axis of the nanostructure.  
 
At negative fields, the spins start to curl inside the triangle, to reverse their orientations 
as seen at the field H = -330 Oe. The spins in the bottom-right corner of the dumbbell 
reverse their directions at a field of H = -400 Oe, followed by the spins in the diagonally 
opposite top-left corner at the field of H = -490 Oe.  
 
The curling of magnetic spins at the different applied fields cause drops in the net 
magnetization value as shown by the distinct steps in the magnetization cycle (fig 6.3). 
With further increase in the reverse field strength to H = -570 Oe and -600 Oe, spins in 
the triangular sections start to align in reverse direction along the applied field while 
spins in the neck are still aligned along the long axis. At the high fields H = -2000 Oe, 
spins in the neck turn along the applied field direction, making an angle away from the 
long axis. This gradual rotation of spins over a span of applied field causes a low 
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coercivity along the short axis, despite it being an unfavorable direction for the 
magnetization to stay in absence of the applied field (fig 6.2b). Spins become 
completely aligned along the short axis of the nanostructures when the reverse field of 
H = -10,000 Oe is applied. 
 
Figure 6.5 Spin states at different steps during magnetization reversal along the short 
axis of nanostructures at an applied field of (a) 10000 Oe, (b) H = 2000 Oe, (c) H = 0 
Oe, (d) H = -330 Oe, (e) H = -400 Oe, (f) H = -490 Oe, (g) H = -570 Oe, (h) H = -600 
Oe, (i) H = -2000 Oe, (j) H = -10,000 Oe. 
 
 
In summary, magnetization reversal in the nanostructure along the long axis occurs via 
coherent rotations of spins through its neck, whereas the switching along the short axis 
is through the rotation of spins within the triangular section. The anisotropy created by 
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the neck of the nanostructure still favors spins to be aligned along the long axis at 
remanence even for the short axis alignment of the applied field, which agrees with the 
domain images observed by MFM shown in figure 6.2.  
6.3 Magnetization reversal process 
The switching behavior of dumbbells is further studied by imaging their domain 
arrangement at remanence state after applying a varying external field. Figure 6.6(a) 
shows the topography of these nanostructures studied under varying magnetic fields 
applied along their long axis. These nanostructures were saturated by applying a high 
field of strength H = 2000 Oe and then reduced to zero. Figure 6.6(b)-(f) shows the 
domain arrangements in the nanostructures at different applied fields during the 
magnetization cycle.  
 
The domain image as shown in figure 6.6(b) shows the remanence domain arrangement 
after all elements were saturated by applying H = 2000 Oe. All the nanostructures show 
spins to be aligned along the white arrow. Now a reverse field of increasing strength is 
gradually applied along its long axis to reverse their magnetic states. At the applied field 
H = -500 Oe, the first two nanostructures enclosed by white circles (fig 6.6c) switch 
their magnetization. Now the order of black-white strips in these dumbbells has 
reversed. With further increase in the applied field (fig 6.6d) to H = -550 Oe, three more 
nanostructures switch their spin alignment. Two patterns enclosed by a white circle 
switch their states at the field of 600 Oe (fig 6.6e). At H = -650 Oe (fig 6.6f), all the 
nanostructures have switched their domain arrangement and are now magnetized in 
reverse direction, completing the reversal cycle. The average value of switching field 
observed for all the nanostructures is 600 Oe, which depends on the internal 
magnetization uniformity and possible shape variations present in these patterns. 
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Figure 6.6 (a) Topographical information of dumbbell nanostructures (b) MFM image 
taken at remanence after applying field H = 2000 Oe, (c) A reverse field H = -500 Oe, 
(d) H = -550 Oe, (e) H= -600 Oe, and (f) H= -650 Oe. Arrow shows the direction of 
applied field along the long axis of patterns.  
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The switching field observed during this magnetization cycle is lower than the 
switching field obtained from the OOMMF simulations (900 Oe). It is due to the fact 
that OOMMF simulations shown in figure 6.3 calculate the magnetization cycle for an 
ideal nanostructure at the absolute temperature of 0 K and do not include effects of 
temperature assisted switching, internal magnetization inhomogeneities, and roughness 
effect on the switching field.  
 
The MFM images in figure 6.6 show that it is possible for two neighboring elements to 
stay in opposite magnetic states during the magnetization reversal, indicating an absence 
of magnetostatic interaction among them, since the neighboring dumbbell elements are 
~100 nm apart from each other. 
 
The magnetization reversal process along the short axis was studied in a similar way by 
imaging the domain patterns at the remanence of different field states. According to the 
magnetization cycle shown in figure 6.3, a lower coercivity is observed along the short 
axis, as compared to the long axis coercivity. It is due to the two different switching 
mechanisms involved during long and short axes switching processes. However when 
the dumbbells were saturated along the short axis, the MFM images shown in figure 6.7 
show that the spins relax to arrangements similar to the long axis saturation by having 
alternate black/white regions. The possible changes in the spin arrangements at the 
remanence of short axis states are difficult to image due to resolution limitations of 
magnetic force microscopy. Also, the MFM images the domain patterns when the 
applied field has been removed and sample relaxes to its preferable magnetization 
direction, which is determined by the shape anisotropy of the nanostructure. Any 
switching process that is observable by the MFM images occurs when the applied field 
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is strong enough to cause a change in the way the magnetization relaxes in absence of 
the applied field. If the spins relax in the opposite direction, it will be reflected in the 
domain patterns imaged by the MFM.  
 
Figure 6.7(a) shows the spin states of the dumbbell elements at two saturation states 
which are compared with the remanence domain patterns obtained after applying a field 
H = 3700 Oe. A field of H = 3700 Oe was needed along the short axis to see a change in 
the domain arrangement of the dumbbells. The dumbbells change their domain 
arrangement after a field larger than the long axis switching field was applied. It forces 
the spins in the dumbbells to relax in the opposite direction, hence showing a reversed 
state at the remanence. The switching field for short axis reversal is higher than the long 
axis switching field, because spins tend to stay aligned along the long axis of the 
dumbbells. The lower switching field for short axis reversal observed in OOMMF 
simulations was in-situ field, which shows a sustained reversal of spins because applied 
field was never removed. Once the applied field is removed, the spins relax back along 
the long axis.  
 
In figure 6.7(a), spins in the triangular sections are following the applied field direction 
whereas the spins in the neck sections are skewed at an angle. The corresponding MFM 
image is shown below the spin state. Figure 6.7(b) shows the reversed saturation spin 
state and the corresponding MFM image at the remanence.  
 
From figure 6.7(a), it can be said that the spins skewed downward making an angle with 
the neck of the dumbbells will relax upward thus causing the spin alignment from left to 
right direction in the dumbbells, and show the domain arrangement corresponding to the 
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MFM image shown below the spin state. If spins are making an angle upward as shown 
in figure 6.7(b), it will rotate upward to the opposite direction causing spins alignment 




Figure 6.7 (a) Spin state for the pattern saturated along the short axis and corresponding 
remanent MFM image, (b) Reverse saturation spin state and the corresponding remanent 
MFM image. A scan line can be seen due to the noise disturbances occurring during 
MFM imaging of the sample. 
 
If spin states are correlated with the remanent domain arrangements, it shows that the 
spins in the neck sections play an important role during short axis switching. The 
switching field obtained by MFM is the field which changes the way spins relax after 
the applied field is removed. Because of the short axis being the hard axis for the spins 
to stay, a high field is required to disturb their remanence patterns. This type of patterns 
can be useful for the applications where stray field may be acting along the short axis of 
the patterns. A large field will be required to perturb the spin arrangement from their 
short axis alignment. However, a low field applied along the long axis is sufficient to 
switch their spin arrangements. 
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6.4 Comparison with triangular patterns 
 
Spin arrangements in dumbbell elements can be further understood by comparing them 
with spin arrangements in triangular patterns. Dumbbell elements are created by 
connecting two neighboring triangles of the hexagonal array of the self assembled mask. 
Figure 6.8(a) shows the topography of two disjoint triangles along with their domain 
patterns. The spin state obtained from OOMMF simulations is also shown. Figure 6.8(b) 
shows the topography of a dumbbell pattern formed by connecting two neighboring 
triangles, along with its domain pattern and the spin state. 
 
In a single triangle, spin alignment is uneven because of the anisotropy created by its 
triangular shape. The spins are aligned inward at one corner and outward at the other 
two corners, as shown by the two encircled regions in figure 6.8(a). The opposite 
arrangement is also observed where spins are aligned inward at the two corners and 
outward at the third corner depending on the alignment of triangular shape with the 
applied field. This uneven distribution of spin alignment is reflected as a small white 
region at one corner (upper triangle in figure 6.8(a)), and a large black region at the 
other two corners. When these two triangles are connected by a short neck, spin 
alignment is redistributed through the neck region, and the shape anisotropy of 
triangular pattern is lost. A new anisotropy is created along the neck of the dumbbell 
which forces spins to be aligned along the long axis of dumbbell. This why the 
dumbbell shape in figure 6.8(b) shows the magnetic contrast in MFM images as if the 
triangles shown in figure 6.8(a) are connected, with contrast rotated and aligned along 
the length of dumbbell. 




Figure 6.8 (a) topography of two separate triangles along with image of magnetic 
patterns and spin states corresponding to their domain arrangements, (b) topography of 
two triangles connected to form a dumbbell along with image of magnetic patterns and 
spin states corresponding to its domain pattern. 
6.5 Size dependent switching 
The different switching field observed for dumbbells during their long axis switching as 
shown in figure 6.7, can be attributed to the possible shape and size variations present in 
the array of dumbbells, and possible internal inhomogeneities. Figure 6.9 shows the 
dependence of the switching field of dumbbells on these variations, defined by the 
dimension ratio (X/Y) of the nanostructures. The variations in coercivity is plotted in 
figure 6.9 for nine cases of their end-width (Y) and center-neck (X) ratios by keeping 
the Y fixed at 180 nm and varying the X from 0 to 125 nm in nine steps. The coercivity 
values of the nanostructures having different X/Y ratio are calculated from OOMMF 
simulations for long axis alignment of the applied field.  It shows that as the X/Y ratio 
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increases for case 1 to case 3, the switching field increases and then drops as the X/Y 
ratio increases for cases 4 to 9. It is attributed to the change in their switching 
mechanism for two different regimes because for the narrow (case 1 to 3) 
nanostructures, switching of magnetization occurs by rotation, whereas for wider 
nanostructure (cases 4 to 9), the switching of states occurs through curling of spins and 
formation of domain walls. 
 
 
Figure 6.9 Variation of coercivity as the X/Y ratio changes for the dumbbell 
nanostructures. The values of X/Y ratios for different elements are (1) X/Y= 0, (2) 
X/Y= 0.051, (3) X/Y= 0.122, (4) X/Y= 0.193, (5) X/Y= 0.290, (6) X/Y= 0.387, (7) 
X/Y= 0.448, (8) X/Y= 0.520, (9) X/Y= 0.693. X/Y ratio is varied by changing the X 
and keeping the Y fixed. The nanostructures of different X/Y ratio used in simulations 
are also shown. 
 
For the small neck thickness (cases 1 to 3) the two triangular sections interact minimally 
and the dominant switching mechanism is by coherent rotation of spins. As the ratio 
further increases from cases 4 to 9, the coercivity drops which is due to the curling of 
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spins in the nanostructures through the neck. Now spins in one triangular section is 
accompanied by the switching of spins in the second triangle. Figure 6.9 shows that the 
nanostructures with X/Y ratio of cases 2 and 6 can have almost similar switching fields 
but, involve two different switching mechanisms. Similar type of switching mechanism 
has been reported for nanowires as the ratio of width/thickness increases [107].  
 
The above trend can be compared with the switching trend observed for the fabricated 
nanostructures shown in figure 6.6, though it is not possible to visualize the exact mode 
of spin reversal through remanent MFM images. A lowest switching field of H = 500 
Oe was observed for the nanostructure with narrowest neck circled in the second row 
and the nanostructure with wider neck circled in first row in figure 6.6(c) which 
switched at same applied fields. Higher switching field observed for other 
nanostructures shown in figure 6.6(d)-(f) can be now attributed to the different 
switching mechanisms caused by variations in their neck widths ranging between these 
two cases. 
 
In summary, magnetic properties of dumbbell elements fabricated by thin film of 
permalloy have been discussed. The shape anisotropy plays an important role in 
switching behavior of dumbbell elements. Dumbbell elements show two different 
switching mechanisms causing the magnetization reversal along the easy and hard axes 
of the nanostructures. Magnetic spin arrangement always follows the long axis spin 
arrangements at remanence showing the spin hardness of the fabricated nanostructures. 
Such patterns can be useful for applications such magnetic logic circuits for their spin 
hardness along the short axis. 
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CHAPTER 7  
Characterization of zigzag nanowires 
This chapter presents the magnetic properties of zigzag nanowires fabricated using a 
modified nanoparticle mask as discussed in section 4.1.3. Magnetic properties of zigzag 
nanowires with symmetric and asymmetric features are investigated under different 
alignments of the applied field. In these zigzags, the necks between adjacent triangles 
form a path for spins to connect to the neighboring triangles and provide additional 
freedom in their arrangement.  
 
The width of the thin neck connecting two adjacent triangles depends on the etching 
duration and hence can be used to fabricate zigzag nanowires of varying widths. Figure 
7.1(a) is an SEM image of a zigzag section of the nanowire showing the plan view with 
two triangles connected with a thin neck of dimension ~10nm. The inset shows the 
array of parallel nanowires fabricated by the modified mask of nanoparticles. The width 
of this neck if varied will vary the magnetic interaction between the triangles of the 
zigzag, and can be tuned further to create an asymmetry in their interaction by having 
necks of varying widths. These nanostructures are important candidates for 
microelectronic applications involving change in spin states with respect to the applied 
field orientations. Figure 7.1 also shows a faint ring between two parallel nanowires. 
This additional circular feature is created by the deposition of high energy metal 
particles at the base of nanospheres during electron beam evaporation of NiFe, and can 
be further explored from a fabrication point of view but it does not add any significant 
noise to the magnetic signal during MFM investigation of zigzag nanowires.  






Figure 7.1 SEM image of one section of zigzag nanowire showing the 20 nm wide neck 
between two triangular sections. The inset shows the array of parallel zigzag nanowires. 
 
 
7.1 Symmetric nanowire 
 
A symmetric wire is fabricated when the etch time of the mask along the two axes of 
hexagonal packed nanoparticles is kept the same, and all the connection between 
adjacent triangles have same thickness variations. Figures 7.2(a) shows the AFM image 
of a symmetric zigzag nanowire. All the necks between adjacent triangles are of same 
width and hence make it a symmetric zigzag nanowire. If the two necks between 
adjacent triangles have different widths, it creates an asymmetry along the length of 
nanowire and hence called asymmetric nanowire. A study on asymmetric nanowires is 
presented later in this chapter. The spin arrangement of the nanowire shown in figure 
7.2(a) was studied by saturating it along different directions and performing MFM 
investigations to image the domain patterns. OOMMF simulations were performed for 
the spin states at saturation and remanence, and were correlated with the patterns of 
magnetic domains, to understand their spin arrangements and relaxation mechanisms. 
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7.1.1 Magnetic domain study 
Figure 7.2(b) shows the domain patterns at the remanence after saturating the nanowire 
along its long axis, parallel to its length. A field of H = 2000 Oe was applied to saturate 
the nanowire and removed before imaging by MFM. The field direction is shown by the 
black arrow. Figure 7.2(c) shows the remanent domain image corresponding to the 
reversed saturation state. The topography of zigzag wire in figure 7.2(a) acts as a visual 
guide for the correlation of different domain patterns along its length, and a triangular 




Figure 7.2 (a) Topography of a symmetric zigzag wire, (b) MFM image at remanence 
after applying a field of H = 2000 Oe along the length of nanowire, (c) MFM image at 
remanence of reverse saturation state, (d) Remanent MFM image after applying a field 
of H = 2000 Oe perpendicular to the length of nanowire as shown by the black arrow, 
(e) MFM image at remanence of reverse saturation. 
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The triangular section of the nanowire highlighted by a dotted circle shows a single 
domain type of spin arrangement for long axis saturation, as observed by the presence 
of black and white contrast within one triangular section in figure 7.2(b)-(c). The 
magnetic spins inside the triangle are aligned from right to left direction in figure 7.2(b), 
and left to right in figure 7.2(c) along the applied field direction. The spin alignment is 
defined by the pattern of alternating black/white contrasts. Black contrast represents the 
north, and white contrast represents the south of the atomic magnets aligned in the 
nanowire. The opposite arrangement of contrasts observed in figure 7.2(b)-(c) confirms 
that a reverse spin arrangement can be obtained by applying a field in the opposite 
direction. For Permalloy films, the effect of crystal anisotropy is negligible and the 
domain arrangement is greatly dominated by the shape anisotropy present in the zigzag 
nanowire. The spin volume in the triangular sections of the nanowire is larger than the 
necks due to the anisotropy of the shape, and shows a stronger signal in the 
magnetization patterns as observed in MFM images. The neck sections of the zigzags 
act as a means of continuation to the spin alignments between adjacent triangular 
sections. 
 
Next, a field H = 2000 Oe was applied in-plane along the short axis of the nanowire, 
perpendicular to the length of nanowire and figure 7.2(d) is the corresponding MFM 
image obtained at remanence. Figure 7.2(e) shows the image of remanence pattern of 
reversed state. The domain arrangements for the perpendicular applications of field, 
along the short axis of the nanowire, show a complete different pattern. Figure 7.2(d) 
shows black contrast in the upper triangles of the nanowire and white contrast in the 
lower triangles of the zigzag creating an alternating pattern of black and white regions 
along the length of nanowire. Only single contrast is observed in one triangle. When the 
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field is applied perpendicular to the length of the nanowire, it forces magnetic spins to 
be aligned along that direction. The spin alignment now is also connected to the 
neighboring triangles on the both sides, thus causing a long dipole type of spin 
arrangement, and shows as if the north of this long magnetic dipole is in the upper 
triangle and the south is in the bottom triangle. Reverse application of the applied field 
causes a reverse order of black and white contrasts by having dark contrast in the top 
sections and bright contrast in bottom triangular sections. A tiny region of white/black 
contrasts is also observed on the two sides of major black/white regions of the triangles 
which are due to the gradual turning of spins along the necks. 
 
Another investigation was done by applying the field at an angle of 30o with respect to 
its length, aligned in a direction parallel to one branch of the zigzag nanowire. The 
remanent MFM image gives the magnetizations pattern same as the case shown in the 
figure 7.2(b)-(c) for long axis application of applied field. For the field alignment along 
the zigzag branch, spins may be aligned along the branches in the presence of the field 
(as simulation will confirm in the next section), but they relaxed back along the 
triangles which results in a MFM pattern similar to the long axis remanence state. 
7.1.2 Simulation of spin states 
OOMMF simulations were performed for the spin distributions in the nanowire at the 
saturation and the remanence states. Figure 7.3 shows the symmetric zigzag nanowire 
used in the simulations along with the spin states at saturation under different 
alignments of the applied field and at remanence after the field was reduced to zero. The 
shape of zigzag was drawn by using the nanoparticles of 500 nm, and without 
considering the edge irregularities of the fabricated patterns. It gives us an idea of how 
different the magnetic properties of real patterns may be from the ideal case. A field of 
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H =2000 Oe was applied along the direction shown by the arrows and reduced to zero in 
a single step. 
 
Figure 7.3 (a) Schematic of a symmetric zigzag nanowire used in the simulation, (b)-(g) 
Spin arrangements at the saturation and the remanence states of the different alignments 
of the applied field. 
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Figure 7.3(b) shows the spin state at saturation when the field is applied along the length 
of the nanowire, as shown by the black arrow. One triangular section is encircled in the 
nanowire for easy comparison of spin arrangement with the domain patterns observed 
by MFM. Figure 7.3(c) shows the spin state at remanence after field is reduced to zero. 
Spins are aligned along the applied field at saturation. In the absence of the applied field, 
spins are relaxed along the zigzag shape of the nanowire.  
 
It can be seen in figure 7.3(c) that the spins at the remanence are aligned in the upward 
direction in the first half section of the triangle following the alignment from the 
incoming neck. Spins are aligned downward in the right half sections of the triangle in 
continuation to the spin alignment to the next neck. This change in the spin direction 
appears as the two different black and white regions within a single triangle in the MFM 
images (fig. 7.2b& 7.2c), and appears as a single domain image. 
 
Figure 7.3(d)-(e) shows the spin states corresponding to the saturation and the 
remanence states after the application of applied field along the short axis, 
perpendicular to the length of the nanowire. It shows that majority of spins in the 
triangular sections are arranged parallel to the applied field direction. Spins in the 
triangular section are forced along the short axis of the zigzag, and which are connected 
equally to the spins of adjacent triangles on both sides because of the symmetry in the 
nanowire. This perpendicular alignment of spins in the triangular sections appear as 
black/white regions during MFM scans as shown in figure 7.2(b)-(c). Each triangle is 
connected to the neighboring triangles forming a long dipole of spins, and spins turn 
gradually from one triangle to another, keeping the alignment along the perpendicular 
direction. Spin relaxation in figure 7.3(e) does not show much change in spin 
Chapter 7 Characterization of zigzag nanowires 
 108
arrangement from its saturated state, due to the formation of long dipoles which has low 
magnetostatic energy as compared to the single domain arrangement seen for long axis 
remanence. 
 
Figure 7.3(f)-(g) show the spin states for the 30o alignment of applied field with respect 
to the length of the nanowire, parallel to one its zigzag branches. Figure 7.3 shows that 
spins are aligned along the neck of the zigzag, parallel to the applied field but relax to a 
spin arrangement similar to the remanence state of long axis saturation. The spins 
follow the applied field direction in the branches, but continuations to the next triangle 
provide them a way to relax and turn along the length of the nanowire at remanence. It 
is attributed to the shape anisotropy of the zigzag nanowire and shape symmetry of the 
adjacent triangles. It agrees well with the MFM patterns observed for the long axis 
alignment. It indicates that the spin alignment at remanence is not affected by small 
field misalignments due to the zigzag shape of the nanowire. 
 
7.2 Asymmetric nanowire 
Asymmetric nanowires have necks of different widths between adjacent triangles of the 
nanowire in an alternate manner. Asymmetric nanowires were fabricated by performing 
etching for two different durations along two symmetry axes of the nanoparticles, as 
discussed previously in section 4.1.3. Asymmetric zigzag nanowire having branches of 
two alternating widths, were investigated for the effect of different neck widths on their 
spin arrangements and results were compared with the magnetization patterns of 
symmetric nanowires. Due to asymmetry in the zigzag nanowire, the simulation results 
are presented here, which are later compared with the domain patterns. 
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7.2.1 Simulation of spin states 
OOMMF simulations were performed on the asymmetric zigzag nanowires, and results 
are shown in figure 7.4. Figure 7.4(a) shows the schematic of an asymmetric zigzag 
nanowire modeled for the spin states under different application of field orientations. 
The zigzag nanowire consists of triangular patterns connected together with necks of 
different widths. The neck with 40 nm width is called major arm, and neck with 20 nm 
width is called minor arm of the zigzag, and their positions alternate along the length of 
nanowire. Figures 7.4(b)-(c) show the spin arrangement at the saturation and remanence 
states corresponding to the long axis alignment of the applied field. Spins patterns are 
enclosed with solid lines to highlight the differences in the spin patterns in the presence 
and absence of the applied field. 
 
At saturation, spins are aligned along the length of zigzag nanowire, following the 
applied field. The spins in the triangular sections are relaxed at remanence in the same 
way as observed for the symmetric wires. The enclosed triangles in the figure 7.4(b)-(c) 
highlight the differences in the spin patterns after the removal of applied field. Spins are 
aligned upward in the left half sections of the triangle and downward in the right half 
section or vice versa in continuation to the next section of the zigzag. However the 
asymmetry in the neck widths causes spins alignment to be defined by the spins of the 
major arms. Similarly, for the spin arrangement for the short axis alignment of applied 
field (fig 7.4d & 7.4e), it has more spin volume via the major arm sections as compared 
to the minor arms. The enclosed major arms is showing the way spins relax in the 
absence of applied field, preferring short axis alignment even after the applied field has 
been removed. 
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Figure 7.4 (a) Schematic of an asymmetric zigzag wire used in simulation, (b)-(i) Spin 
arrangement at saturation and remanence for different alignments of the applied field.  
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Figure 7.4(f)-(g) shows the spin states for the field applied along the minor arm of the 
zigzag. Because the field is applied along the minor arm, the spins in the wider neck 
also try to align along the applied field direction. The spin alignment in the major arm 
along the applied field is not preferred due to shape dependence of easy axis of the 
magnetization.  Since one triangle is connected to the major arm on its one side and 
minor arm on the other side, it will cause spin alignment of the triangle to turn back 
along the long axis of the major arm at remanence, as shown by enclosed sections in 
figures 7.4(f)-(g). When the applied field aligned perpendicular to the major arm axis is 
removed, the major arm spins relax back along the long axis of the major arm, and give 
single domain type of arrangement in the triangles, similar to the figure 7.4(b). The spin 
states for the field applied along the major/minor arms of asymmetric nanowire gives 
arrangements which are much different from the spin states observed for symmetric 
nanowire (fig 7.3g) which is attributed to the difference in spin volumes of major/minor 
arms.  
 
When the applied field is aligned along the axis of the major arm (fig 7.4h), the spins in 
both the major and minor arms try to follow the field. At remanence, the spins of 
triangles stays aligned along the major arm axis, being the easy axis for the major arm, 
and a fraction of spins turns along the minor arm providing a path for the spin 
continuation. This spin arrangement is similar to the spin arrangement of the dumbbell 
elements [4] as discussed in chapter 6, but connected at the both ends forming a zigzag 
nanowire. 
 
7.2.2 Magnetic domain study 
The MFM study of zigzag nanowire with asymmetric necks under different alignment 
of applied fields is presented in this section. Because of the asymmetry in the necks, 
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different spin arrangements are observed for fields applied along major and minor arms. 
The domains results of different alignments of the applied field are discussed separately 
for each alignment and compared with corresponding spin states of symmetric 
nanowires, to understand the effect of asymmetry created by the arms of alternating 
modulated widths. 
 
7.2.2a Magnetization along long axis 
Figure 7.5 (a) shows the topography of an asymmetric zigzag nanowire investigated for 
its domain arrangements. Figure 7.5(b) shows the MFM image at remanence for the 
positive field applied along its long axis in the direction shown by the black arrow, and 
figure 7.5(c) shows the remanence image of reverse saturation state. A scan line can 
also be seen in the MFM image. This scan line is not removed to prevent any loss of 
information about the domain arrangement. The domain patterns in the figure 7.5(c) are 
compared with the domain patterns of the symmetric wire under the same field 
alignment which is shown in figure 7.5(d). The neck section is enclosed by the solid line 
and the triangular section is by the dotted line for comparison of difference in their spin 
patterns.  
 
In the triangular patterns, the half section of the triangle connected to the minor arms 
shows a contrast of higher intensity as compared to the other half connected to the 
major arm. It is because the spins in the triangle turn slowly along the major arm due to 
its larger width whereas it shows rapid change along the minor arm having relatively 
smaller width. The MFM detects this gradient of signal and shows a strong dark contrast 
along with a relatively weaker white contrast within the same triangle (enclosed by 
dotted circle). This is contributed by the asymmetry in spin volume aligned at the two 
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ends of a single triangle. The solid line encloses a region of strong contrast which is the 
contribution from the two halves of the adjacent triangles connected to the same minor 
arm. 
 
Figure 7.5 (a) Topography of zigzag wire,  (b) Remanent MFM image after applying a 
field H = 2000 Oe along the length of nanowire as pointed by the black arrow, (c) 
Remanent MFM image after applying a reverse field H = -2000 Oe, A scan line is also 




Figure 7.5(c) shows the opposite but similar patterns after saturation at a reverse field of 
H = -2000 Oe. When compared with the corresponding spin patterns of a symmetric 
wire shown in figure 7.5(d), it can be easily seen that black and white contrast 
distribution in the asymmetric nanowire is asymmetric which is attributed to the two 
different spin volumes connecting via the major and minor arms. The symmetric 
nanowire shows patterns of uniform contrasts compared to the asymmetric nanowire. 
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This type of asymmetry may be useful to polarize the spin arrangement along certain 
sections of nanostructures.  
7.2.2b Magnetization along short axis 
Figure 7.6 shows the topography (fig 7.6a) of an asymmetric zigzag nanowire along 
with the MFM image at remanence of positive field applied along its short axis (fig 
7.6b), in the direction as shown by the arrow. Figure 7.6(c) shows the remanence image 
after saturating the nanowire in reverse direction. The spin pattern in figure 7.6(c) is 
compared with the spin arrangement in corresponding field alignment of the symmetric 
wire shown in figure 7.6(d). The major arm is enclosed by a solid circle and the 
triangular section is enclosed by a dotted circle for comparison of differences in their 
domain patterns.  
 
The MFM image in figure 7.6(b) shows dark contrast in the upper zigzag triangles, and 
white contrasts in the bottom triangles. It indicates that the spins are arranged in sample 
plane, perpendicular to the long axis of nanowire, forming long dipoles as observed in 
simulations. The major arm (enclosed by solid circle) show signal of higher intensity as 
compared to the previous case of long axis field alignment and the minor arms show 
almost no signal. It is attributed to the long dipole type of spin alignment between 
adjacent triangles, and spins are aligned mainly via major arms from top triangles to the 
bottom triangles. As a result, the two triangles show two ends of the dipole by having 
strong dark region in the upper triangles and white regions in the bottom triangles and it 
occurs via the major arm. Minor arms show relatively small signal due to small spin 
volume alignment across it.  
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Figure 7.6(c) shows the opposite but similar domain patterns at the remanence, after the 
application of reverse fields. If compared with spin arrangement of a symmetric wire as 
shown in figure 7.6(d), it can be seen that the dark and bright regions in the asymmetric 
nanowire are shifted towards the major arm though the positions of triangles do not 
change. The symmetric nanowire shows equal spacing between dark and bright regions 
due to its symmetric neck widths. 
 
 
Figure 7.6 (a) Topography of the zigzag wire, (b) Remanent MFM image after applying 
a field H = 2000 Oe perpendicular to the length of nanowire as pointed by the black 
arrow, (c) Remanent MFM image after applying a reverse field H = - 2000 Oe, (d) 
MFM image of a symmetric nanowire for comparison of spin states. 
 
7.2.2c Magnetization along minor arm 
Figure 7.7(a) shows the topography of an asymmetric zigzag nanowire investigated for 
its domain patterns for the field applied along its minor arm. Figure 7.7(b) shows the 
remanence image after saturating the nanowire along the direction shown by the arrow 
and figure 7.7(c) is the remanence image of its opposite saturation state. The domain 
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patterns of figure 7.7(c) are compared with the similar domain arrangement observed 
for the asymmetric nanowire taken from figure 7.5(b) and is shown again in figure 
7.7(d). The neck section is enclosed by a solid circle and the triangular section is 
enclosed by a dotted circle for the study of differences in their domain patterns.  
 
This time the MFM image taken at remanence of positive fields (fig 7.7b) shows 
regions of higher contrast in the minor arm sections (enclosed by solid circle) as 
compared to the major arms. The triangular section (circled by dotted line) shows 
imbalance between the strength of black and white contrasts within the same triangle. 
This distribution in contrasts is similar to the case discussed in figure 7.5 for long axis 
field alignment where strong signal is observed along the minor arm. Figure 7.7c shows 
the remanence image of reverse magnetization saturation.  
 
Figure 7.7 (a) Topography of zigzag wire, (b) Remanent MFM image after applying a 
field H = 2000 Oe along the minor arm of the nanowire pointed as pointed by the black 
arrow, (c) Remanent MFM image after applying a reverse field H = - 2000 Oe, (d) 
MFM image of a asymmetric nanowire for comparison of spin states. 
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If the magnetization pattern of figure 7.7c is compared with a similar pattern (fig 7.7d) 
picked from figure 7.5(b) of long axis field alignment, it is found that they have same 
domain pattern despite having opposite field directions.  In figure 7.7(c), the field was 
applied along the minor arm as shown by the arrow pointing to right direction, it tries to 
align the spins along the minor arm but spins can not hold their alignment along the 
minor arm and relax back along the major arm as soon as the field is removed. It is 
reflected in the spin arrangement similar to the case as if the field was applied in the 
positive direction along the long axis. 
 
7.2.2d Magnetization along major arm 
 
Figure 7.8(a) shows the topography of an asymmetric zigzag nanowire investigated for 
its domain patterns for the field applied along its major arm. Figures 7.8(b) and 7.8(c) 
shows the remanence state of two opposite field directions. Figure 7.8(d) shows the spin 
arrangement of a symmetric nanowire magnetized along its long axis for the comparison 
of domain patterns in these two cases. 
 
The domain patterns at the remanence of the positive fields (fig 7.8b) show strips of 
alternating black/white contrasts along the major arm of the zigzag. In the last case of 
field applied along the minor arm, the contrasts seen in the triangles were, asymmetric, 
and dividing the triangles into two halves vertically. But for the major arm field 
alignment, the contrasts patterns in the triangular sections are tilted, dividing the major 
arms into four sections with alternating black/white strips. It is similar to the domain 
patterns observed for dumbbells in chapter 6, but as if they are connected end to end to 
form zigzags. The asymmetric nanowire behaves as if the triangles connected by major 
arms form isolated dumbbell elements, and show the corresponding domain patterns. It 
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is attributed to the magnetization direction of the applied field, which magnetically 
separates the different sections of zigzags into dumbbells because of its direction along 
the major arm. Reverse arrangement can be confirmed in figure 7.8(c) after applying a 
reverse negative field. When compared with spin pattern of a symmetric wire (fig 7.8d) 
magnetized along the long axis, it is seen that the dark and bright regions have extended 
to the outer edge of the triangles in the chain.  
 
 
Figure 7.8 (a) Topography of zigzag wire, (b) Remanent MFM image after applying a 
field H = 2000 Oe along the major arm of the nanowire pointed as by the black arrow, 
(c) Remanent MFM image after applying a reverse field H = - 2000 Oe, (d) MFM image 
of a symmetric nanowire for comparison of spin states. 
 
In summary, the different spin arrangements in zigzag nanowires of symmetric and 
asymmetric neck widths have been discussed. Their spin distribution along the nanowire 
depends greatly on the alignment of the applied field and the variation present in the 
widths of necks connecting adjacent triangles. It also shows that the domain patterns in 
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asymmetric nanowire are very sensitive to the direction of applied field. It is attributed 
to the freedom of localized spins which can arrange along major and minor arms.  
Whereas the domain patterns in symmetric nanowire are not so sensitive and the domain 
arrangement was dominated by the shape anisotropy of long zigzag shape of the 
nanowire. Slight misalignments of applied field do not affect the magnetic states in the 
asymmetric nanowires. These kinds of nanostructures may be useful for the applications 
such as magnetoelectronic devices where different resistance states change with the 
change in their spin alignments or in magnetic logic elements where spin arrangement 
can be biased to certain directions by the shape anisotropy present in the nanowire under 
the different alignments of the external field.  




Characterization of astroid patterns 
This chapter presents a study of magnetic properties of astroids, and chains of astroids. 
Magnetic domains of these patterns were studied by magnetic force microscopy and 
analyzed in relation to the number of elements present in the chain investigated. The 
effect of neighboring elements on the magnetic spin arrangement in  adjacent elements 
is investigated. The switching behavior and evolution of spin configuration of astroid 
chains having 1 to 5 elements, and subsequently a long chain of 13 elements are 
discussed to understand the evolution of magnetic states as the number of chain 
elements varies. Different combinations of domains as observed using magnetic force 
microscopy are discussed based on the competition between magnetostatic and 
exchange energies, associated with their spin arrangement during magnetization reversal 
process. OOMMF simulations were performed at the field H = 0 Oe to obtain their 
remanence spin arrangements. In-situ spin arrangements during a field sweep between 
two saturation states were also obtained by micromagnetic calculations.   
 
The sample was scanned by MFM in a tapping mode using low moment tips in order to 
minimize the stray field effect from the tip. The sample was removed from the MFM 
stage and loaded in an electromagnet to magnetize in an external field and reduced to 0 
Oe, before imaging again by the MFM. The image of magnetic domains obtained after 
the field has been reduced to 0 Oe, gives the information about the spin arrangements at 
that particular field from which magnetic spins of the nanostructures relax in order to 
achieve their lowest energy configuration. The trend of the spin relaxation behavior 
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from their saturated magnetic states to remanence states can be used to understand their 
distribution of magnetic spin switching responses with the help of OOMMF simulations. 
In this chapter, the magnetic properties of individual chains of astroids having 1, 2, 3, 4, 
and 5 elements are presented and summarized in separate sections, which shows how 
different switching mechanisms contributes as the number of interacting elements 
changes. This study will be very helpful in further understanding and application of 
such patterns in the area of magnetic logic systems.   
 
8.1 Single astroid element 
Single isolated astroids were fabricated by evaporating a permalloy (Ni80Fe20) film of 
thickness 40 nm on polystyrene mask of square assembly of nanoparticles as discussed 
previously in chapter 4. An array of astroids of dimensions of 400 nm by 400 nm 
(shown by two black arrows) with spacing of 180 nm is obtained after the dissolution of 
the mask (fig 8.1). These nanostructures have side edges of radius of curvature of 500 
nm, due to the spherical shape of nanoparticles used in the mask.  
 




8.1.1 Magnetic domain study 
Figure 8.2(a) shows the topography of single astroid element imaged for its magnetic 
spin arrangements in figure 8.2(b) & (c). Figure 8.2(b) is the image showing magnetic 
domains at the remanence, after sample was exposed to an external field of H = 2000 
200nm 
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Oe and removed from the field. The direction of applied field is shown by the white 
arrow. Figure 8.2(c) is the MFM image at remanence of the reverse saturation state. 
MFM images in figure 8.2(b) & (c) show black and white regions with a four-fold 
symmetry of black and white contrasts arranged in a circular fashion. The contrasts seen 
in the MFM images in fig 8.2(b) and 8.2(c) are opposite of each other, confirming the 
switching of the spin states after the magnetization reversal. Larger black and white 
regions are seen at the edges. It can be attributed to the uncompensated spins at the 
pointed corners of the nanostructure. We define the chirality of this vortex arrangement 
as clockwise (C) for the spins, from the North to the South of the atomic magnets, as 
observed by alternate black/white sequence of contrasts seen in the top corner of the 
astroid nanostructures. An anticlockwise (A) orientation will be a white/black sequence 
in the top corner, and then following white/black arrangement along the circumference 
of the nanostructure. This is defined on the basis of magnetization direction of MFM 
tips used in the scanning. The tips were magnetized with the south pole of tip pointing 
downward. Hence the bright regions seen in the MFM images are the south poles, 
showing the repulsion of magnetic tips. Dark contrast is observed at the north pole of 
the nanostructure magnet. Spin are aligned from the North to the South of nanostructure, 
which are observed as dark and bright regions.  
 
Figure 8.2 (a) Topography of single astroid shaped pattern, (b) MFM image of spins at 
remanence, (c) MFM image of spins at remanence after magnetization reversal. 
Schematics of spin arrangement inside the astroid are also drawn for easy understanding 
of MFM image. 
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Based on this definition, an anticlockwise spin arrangement is observed at the 
remanence of the saturation state at positive fields, as shown in figure 8.2(b). A 
clockwise arrangement of spins is observed for the remanence of negative saturation 
fields as seen in figure 8.2(b). 
8.1.2 Simulation of spin states 
Figure 8.3 shows the spin state obtained by the OOMMF simulations performed at H = 
0 Oe, for the above nanostructure (fig 8.1a), using a cell size of 5 nm by 5 nm. It shows 
that the spins are arranged in circular fashion in anticlockwise order. It agrees with the 
domain arrangement as seen in the MFM image in figure 8.2(b). Normally vortex 
patterns seen for circular patterns show uniform contrast as reported in literature [108-
110]. However for patterns with pointed corners, a flux closure arrangement is created 
at the corners which appear as black and white regions in the MFM patterns. If we zoom 
in the MFM images shown in figure 8.2, it can be seen that patterns have uniform 
contrast in the central regions of the nanostructures. Similar results were reported for 
diamond patterns with pointed corners which also show a four-fold symmetry of black 
and white contrasts [110, 111].  
 
Figure 8.3 Spin arrangement in a single astroid obtained from OOMMF simulations at 
H = 0 Oe. 
Figure 8.4 shows the sequence of in-situ spin states (I-VI) of single astroid obtained at 
different field steps during its magnetization cycle. The inset shows the half loop of the 
magnetization cycle showing the change in the magnetization of the nanostructure. 
Chapter 8 Characterization of astroid patterns 
 124
Micromagnetic calculations of the reverse magnetic loop give exactly a mirror image of 
the positive cycle of magnetic loop; hence only half loop is shown here for the clarity of 
switching steps. 
 
Spin state diagrams (fig 8.4) show that the magnetic spins in the astroid are aligned 
parallel (spin state I) to the applied field along the right hand direction at positive 
saturation. As the strength of applied field reduces, the spins start to relax (state II) to 
reduce magnetostatic interaction and align diagonally in the astroids forming a reverse-
S type of spin arrangement. Due to this diagonal alignment of spins a gradual decrease 
in magnetization is observed in the hysteresis cycle. Turning away of magnetic spins 
from the direction of the applied field reduces the vector sum of magnetization, and the 
magnitude of magnetization drops.  
      
Figure 8.4 Magnetic spin states obtained from OOMMF simulation at applied field (I) H 
= 2000 Oe, (II) H = 400 Oe, (III) H = 50 Oe, (IV) H = 0 Oe, (V) H = -400 Oe, (VI) H = 
-2000 Oe. Inset shows the magnetization cycle for field sweep from 2000 Oe to -2000 
Oe.  
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Near the remanence (0 Oe), spins start to curl at state III with spins aligned inward from 
the top corner and aligned outward at the right hand corner, thus arranged in 75% of a 
vortex state. Full vortex state is developed at the remanence as shown by the state IV. 
Due to the curling of spins at state III, a large drop in magnetization is observed in the 
hysteresis loop. At field H = 0 Oe, all the spins are arranged in a circular fashion, thus 
giving a net zero magnetization due to the cancellation of vector components of the 
spins in the vortex. 
 
At negative fields, the magnetization reversal starts with the movement of the vortex-
center in a direction perpendicular to the applied field (state V). The vortex with 
anticlockwise orientation of spins is observed to move downwards. Due to the 
movement of vortex away from the center of astroid, an asymmetry in the magnetization 
vectors of spins of the vortex is created. It causes incomplete cancellation of 
magnetization vectors of the spins, and an increase in magnetization in the opposite 
direction is observed. With further increase in negative fields, the vortex arrangement of 
spins disappears, and spins starts to unfold. It causes another jump in the hysteresis 
cycle at H = 850Oe. With further increase in the reverse field strength, all the magnetic 
spins become aligned parallel to the applied field, opposite to the original state I and a 
negative saturation state is achieved.  
 
Figure 8.5 shows the variation in exchange and magnetostatic energies of the astroid 
during the magnetization cycle. At an external field of H = 2000 Oe, the magnetostatic 
energy is at maximum because of strong demagnetizing effect of the magnetic spins 
arranged in the same direction along the applied field, and the exchange energy is at its 
minimum. The magnetostatic energy decreases as the external field is decreased and the 
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spins start to relax. A drop in magnetostatic energy is observed near remanence as 
shown by a jump in the energy cycle (fig 8.5). It is due to the curling of spins arranged 
in circular way which reduces the demagnetization effect of one spin on its neighbours. 
At remanence, magnetostatic energy further decreases attaining a position of minima. It 
shows that a vortex state is the minimum energy configuration at remanence for an 
astroid element. The magnetic system tries to minimize the magnetostatic interaction by 
having vortex arrangement of spins inside the nanostructure.  
 
 
Figure 8.5 Variation of exchange energy and magnetostatic energy with applied field for 
a single astroid nanostructure. 
Exchange energy increases during the vortex formation, because the exchange 
interaction among the spins forces spins to be aligned in the same direction. A small 
drop is observed in the exchange energy curve at H = 350 Oe, due to the rotation of 
spins from their diagonal alignments to form next curl state as seen in figure 8.4. This 
small change in exchange energy does not show a corresponding change in the 
magnetostatic energy due to their relatively large magnitudes. Exchange energy shows a 
peak at negative fields near remanence when vortex is moving away from the astroid 
center (state V) at negative fields. At this field, spins are still in vortex configuration but 
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the vortex center is shifted, which causes parallel spins to be concentrated toward one 
side. With further increase in the negative field, the magnetostatic energy increases, 
accompanied by the corresponding decrease in the exchange energy due to annihilation 
of vortex state. At high negative fields, magnetostatic energy is maximum again, for the 
spins aligned parallel to the applied field (fig 8.4, state VI). 
In summary, we can conclude that, for a single element, the vortex arrangement of spins 
is favored at the remanence state, in order to minimize the demagnetizing interaction 
between the spins. The clockwise or anticlockwise orientations of the spins at the 
remanence depend on the direction of the applied field. It is the lowest energy 
configurations as predicted by both the simulation state at remanence as shown in figure 
8.4, and the in-situ energy curve shown in figure 8.5. It agrees with the vortex state 
imaged by the MFM. The in-situ spin states show the mechanism of vortex state swept 
out of the patterns during the magnetization reversal.  
8.2 Chain of 2 astroids 
In the previous section, it was observed that a single astroid can attain a single domain 
arrangement of spins which changes from having a parallel arrangement of spins, to an 
S-type of arrangement and then a vortex state during its magnetization cycle. This 
section presents the magnetic states of a chain of 2-astroids, and the way the presence of 
second element affects the development of magnetic states in these two elements of the 
chain. It will provide us an insight into the magnetization behavior of chain of 
nanostructures where the spin arrangements in two astroids are connected with each 
other. 
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8.2.1 Magnetic domain study 
Figure 8.6 shows the SEM image of 2-astroid chain along with the sequence of MFM 
images showing the domain patterns the different steps of the magnetization and 
remagnetization cycle. The length between the centers of two astroids is 500 nm, which 
is decided by the diameter of nanoparticles used in the mask. The nonuniformity in the 
size of two astroids can be easily seen, contributed by the variations in the assembly of 
nanoparticles. Figure 8.6(a) is the MFM image of 2-astroid obtained at the remanence 
after saturating it at a field H = 2000 Oe applied along its long axis. The direction of 
field is shown by the white arrow. Schematics of spin states are also shown along with 
the MFM for better understanding of their reversal mechanism. Figure 8.6(a) shows 
imbalanced black and white regions in the left element. The right element shows a full 
vortex state. The left astroid is showing a “half vortex” kind of distribution because of 
concentration of black contrasts at its left ends and white contrasts at its right and 
bottom ends. The black arrow shows the alignment of spins in the left astroid. However 
after applying a reverse field H = -60 Oe (fig 8.6b), the left astroid develops a vortex 
state with a four-fold symmetry.  
If we look closer at the spin pattern of figure 8.6(a), slight white contrast can be seen at 
the top corner of left element which indicates the development of state 8.6(a) into state 
8.6(b). Spin arrangement in state 8.6(a) is similar to state 8.6(b) except the fact that the 
contrast ratio is different in these two images. It may be an artifact caused by the stray 
fields from the tip, or due to slight shape asymmetry present in the elements. With the 
help of small reverse field, the two astroid can attain vortex states (fig 8.6b) having 
opposite orientations of magnetic spins. Opposite orientations of vortex states form a 
flux closure configuration as shown in schematic in figure 8.6(g).  
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Figure 8.6 SEM image of the astroid chain studied for its switching behavior, (a) 
Domain arrangement at remanence of saturation state obtained at H = 2000 Oe along its 
long axis. Black arrow shows the alignment of spins inside the element. White arrow 
shows the direction of the applied field (b) Remanence image after the application of 
reverse field H = -60 Oe, (c) H = -150 Oe (d) H = -200 Oe, (e) Reverse cycle at H = 150 
Oe, (f) H = 200 Oe, (g) Schematic of flux closure arrangement between two vortex 
states. Schematics of spin orientations in the domains are shown next to the MFM 
images. 
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Upon further increase in the reverse field to H = -150 Oe, both of the astroids show 
anticlockwise orientations (fig 8.6c). Figure 8.6(d) shows the spin states obtained after 
the application of H = -200 Oe. It shows the conversion of vortex chirality in left 
element from clockwise into an anticlockwise state. Now both elements form a pair of 
opposite orientations. It is opposite to the spin state observed at remanence in figure 
8.6(b), showing the complete reversal of spin states and achievement of saturation state 
at H = -200 Oe. The spin arrangement does not change on further increase in the applied 
field strength.  
Figures 8.6(f)-(g) show the reverse loop of the magnetization cycle of the 2-astroid 
chain. When a positive field is applied to the state in figure 8.6(e), to complete the 
reversal cycle, a change is observed at the positive fields H = 150 Oe (fig 8.6f), when 
both astroids develop vortex states of clockwise orientation. With the help of external 
field, the spin in the left element reversed its orientation and shows a combination 
which is opposite to the spin state obtained at H = -150 Oe (fig 8.6d). With further 
increase in positive fields to H = 200 Oe, a spin arrangement similar to the initial state 
of figure 8.6(b) is obtained, thus completing the whole loop of magnetization cycle. It 
also shows that the magnetic states shown in figure 8.6(b) & 8.6(f) are the remanence 
images of same positive saturation state, and figure 8.6(a) was only a transient phase 
affected by the stray fields. 
The MFM images shown in figure 8.6 correspond to the lowest energy configurations at 
each field step to which whole system relaxes in the absence of the applied field. The 
spin states of opposite chirality shown in figure 8.6(f) and (c)/(b) are the remanence 
states to which system relaxes from its saturated states. The vortex states shown in 
figure 8.6(c) and 8.6(e) are the spins states obtained after an additional energy was 
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supplied to the previous magnetic states, during the reversal process. In a 2-astroid 
chain, the switching of vortex orientations takes place in one element at a time and 
passes through the sequence of combination of different states. It can be useful in 
applications such as MRAM where more than one bit of information can be represented 
by different spin orientations within the same element. It will reduce the requirement of 
smaller patterns in MRAMS to achieve higher packing density [112, 113]. 
8.2.2 Simulation of spin states 
Figure 8.7 shows the spin states for a 2-astroid chain at remanence, along with energy 
values associated with them, as obtained from OOMMF simulations. For a 2-astroid 
chain, different vortex combinations are possible in CC, CA, AC or AA combinations, as 
seen in MFM images also in figure 8.6. Based on OOMMF calculation, the 
magnetostatic energy of vortex configuration CA is lower than the CC combination (fig 
8.7). It explains the occurrence of CA configuration at the remanence of positive 
saturation state (fig 8.6a & 8.6f). At the saturation state, all the spins in the patterns are 
arranged parallel to the applied field. When the external field is removed, spins should 
relax to a state of lowest energy combination which is the CA state, having opposite 
vortex orientations. Because of the nanoscale dimension of the nanostructures, it is the 
large magnitude of magnetostatic energy as compared to the exchange energy values 
which dictates the arrangement of different vortex orientations. So we based our 
discussion on the magnetostatic energy values. State CC is not preferred as a remanence  
state because of high magnetostatic energy associated with it. Development of CC 
combination is observed (fig 8.6c) during the magnetization reversal cycle after an 
additional energy is supplied by the applied field. As a result, the system can reach the 
next high energy CC combination at the remanence. During magnetization reversal, 
when sufficient field is further applied, the spins are saturated in the reverse direction. It 
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relaxes back to an AC combination (fig 8.6d) at the remanence. This is in full agreement 
with the spin combinations observed by MFM during magnetization and 




Figure 8.7 Remanent spin state of a 2-element chain calculated at H = 0 Oe, along with 
magnetostatic and exchange energy values. 
Figure 8.8 shows the in-situ development of spin-states at different field steps during the 
magnetization cycle between two saturation states. Figure 8.8(a) shows that the spins 
are aligned parallel to the applied field at high field values. With the gradual decrease in 
applied field to H = 0 Oe (fig 8.8b), the left element attains a reverse–S and the right 
element develops an S-type of spin arrangement. As the direction of applied field 
reverses (negative fields), the magnetic spins in the chain start to rotate along the field 
direction. With increase in reverse field to H = -60 Oe, the spins in the left astroid form 
a half vortex state by curling of spins, whereas the right astroid develops a full vortex 
state. Both astroids later develop vortex states with further increase in the applied field 
(fig 8.8d), with spin orientations aligned in anticlockwise fashion. Upon further increase 
in field strength, vortex states start to move perpendicular to applied field directions (fig 
8.8e), and at high reverse fields, the vortex states are annihilated and magnetic spins 
follow the applied field direction again (fig 8.8f).  
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Figure 8.8 Magnetic spin arrangement of a 2-astroid chain obtained from OOMMF 
simulations at (a) H= 2000 Oe, (b) H= 0 Oe, (c) H= -60 Oe, (d) H= -150 Oe, (e) H= -
500 Oe, (f) H= -2000 Oe.  
The in-situ development of spins as presented above can be combined with MFM 
observations for complete understanding of the switching behavior of 2-astroid chains. 
In a single element, vortex state was developed at H = 0 Oe, which was pushed to 
higher negative fields in 2-astroid chains, as seen in the in-situ spin states. It shows that 
the presence of an additional element greatly affects the spin relaxation process in these 
patterns. The in-situ states show clearly how the development of spin states occurs when 
the field is swept from one direction to the other. During this development, the previous 
magnetic history affects the new magnetic state in presence of applied field. In MFM 
study at remanence, the remanent state of previous state decides the new state at 
remanence after the applied field is removed.  
The hysteresis cycle and the variations in magnetostatic and exchange energies of a 2-
astroid chain are shown in the figure 8.9. Hysteresis cycle comprises several switching 
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steps, where each step corresponds to the rotation of spins in the astroids at different 
field steps as seen in spin states in figure 8.8. The magnetostatic energy curve of 2-
astroid chain shows several jumps, as compared to a single jump associated with a 
single astroid. The first jump (marked by pointer b) is associated with the alignment of 
spins along the diagonals of astroids in a single domain type of arrangement (S and 
reverse-S) of spins. Second jump (marked by pointer c) is associated with development 
of a vortex state in the right element of the chain.  
 
Figure 8.9 Variation of exchange energy and magnetostatic energy in a 2-astroid chain. 
 
A small spike is observed in the exchange energy curve at field H = -300 Oe which is 
attributed to the rotation of spins in the corner of the patterns during the magnetization 
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reversal. It does not cause any significant change in the magnetostatic energy of the 
system due their large magnitude differences. The lowest magnetostatic energy (marked 
by pointer d) is observed at a field when both astroids attain vortex states. It is 
accompanied by an increase in the exchange energy of the system. The exchange energy 
curve shows maximum when vortex is moved away from the astroid center in a similar 
way as observed for the single astroid element. Further increase in the magnetostatic 
energy and decrease in the exchange energy at large negative field is attributed to the 
annihilation of vortex states and alignment of spins along the applied field. 
8.3 Chain of 3 astroids 
As discussed for the spin states of 2-astroid chains, the development of magnetic states 
in an astroid element is dependent not only on the applied field but also on the magnetic 
states present in the neighboring elements. The role of neighboring element is further 
explored in the spin development and switching behaviors of a 3-astroid chain.  
8.3.1 Magnetic domain study 
Figure 8.10 shows the MFM images of a 3-astroid chain along with its SEM image for 
direct correlation of spin states with its topography. Figure 8.10(a) shows the MFM 
image at the remanence after saturating it at H = 2000 Oe along its long axis. Figure 
8.10(b) & 8.10(c) are the remanence MFM images after reversing the applied field to H 
= -45 Oe, & -2000 Oe respectively. The white arrow shows the applied field direction. 
The remanence state after H =2000 Oe saturation, shows that the two extreme astroids 
attain vortex states with opposite orientations. The central astroid is arranged in 
clockwise orientation. At the reverse field of H = -45 Oe (fig 8.10b), the magnetic 
configuration of the astroids switches. The two extreme astroids swap their vortex states 
with the central astroid, by having an anticlockwise vortex state in the central element 
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and opposite clockwise orientations in the extreme elements. No further change in their 
vortex arrangement is observed with increase in the reverse field to H = -2000 Oe.  
   
 
Figure 8.10 SEM image showing the topography of patterns along with the remanent 
magnetic domains after application of the field at (a) H = 2000 Oe, (b) H = -45 Oe, and 
(c) H=-2000 Oe.  
 
Figure 8.11 shows the spin schematic developed from MFM images of figure 8.10. It 
shows a CAA type of arrangement at the remanence of positive fields, where C stands 
for clockwise and A stands for anticlockwise vortex chirality. An arrangement of AAC is 
observed at the remanence after negative saturation. CAA and AAC are not mirror state 
of each other by chirality orientation. The development of CAA and ACC at the 
remanence of two saturation states shows a dependence of spin arrangements on the 
way the spin reversal mechanism and relaxation process occur when the applied field is 
removed. One element with C orientation will cause spin “strain” on the arrangement in 
the neighboring second and third elements. Reverse influence also comes into play. A 
combination of CCA or AAC is attained after collective interaction between different 
states of the all the elements of the chain. 





Figure 8.11 Schematic of spin arrangement at remanence states after (a) H = 2,000 Oe 
(b) H = -45 Oe.. 
 
8.3.2 Simulation of spin states 
Figure 8.12 shows the simulation results of a 3-astroid chain at remanence, along with 
the energy values associated with different spin states. For a 3-astroid chain, vortex 
combinations of CCA and AAC are observed, where two neighboring vortex states hold 
the same spin orientation, and the third element holds the opposite orientation, in the 




Figure 8.12 Remanent spin states in a 3-element chain, obtained from OOMMF 
calculations at H = 0 Oe, along with their energy values. 
 
Figure 8.12 shows that the magnetostatic energy of state ACC is lower than the energy 
associated with CCC state. It explains the occurrence of CCA type of spin arrangement 
in the MFM images at the remanence of positive fields (fig 8.10a), and AAC state at for 
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negative fields (fig 8.10c). No CCC type of arrangement was observed during the 
reversal process of the 3-astroid chain. It is attributed to the high energy associated with 
it and possible spin strain developed in the chain of spins curled in the same direction to 
attain CCC arrangement. As a result patterns switched directly from ACC to CCA 
arrangement during the reversal process. 
 
To further understand the effect of additional elements in a chain of 3 astroids, the in-
situ spin states were calculated at the different steps of the magnetization cycle which 
are shown in the figure 8.13. Figure 8.13(a) is the spin arrangement at the saturation, at 
H = 2000 Oe, showing well aligned spins along the applied field direction. Figure 
8.13(b) shows the spin states at H = 0 Oe, obtained after gradually reducing the applied 
field. The spins show relaxation process by having an S-type of arrangement in all the 
elements of the chain. Previously, for a 2-element chain, spins rotated in opposite 
directions as the applied field was reduced and attained S and negative-S type of 
arrangement. Here for the 3-element chain, the spins in all the elements rotate in the 
same direction showing the development of same S-type of arrangement. Figure 8.13(c) 
shows the spin state at the reverse field H = -20 Oe. It shows that the spins in left 
element are now arranged in an anticlockwise vortex, while the spins in the other two 
astroids are still in the single domain states. Development and the position of the vortex 
state in the chain depend on the combined magnetostatic and exchange interactions 
between all the 3 elements. Figure 8.13(d) is the spin state at H = -70 Oe. The right most 
astroid also develops a vortex state having an opposite configuration of the left element. 
Now the two extreme astroids have vortex states of opposite orientations, which we 
attribute to the development of flux-closure configuration. A vortex state is developed 
in the central element at a field of H = -230 Oe (fig. 8.13e). The central astroid shows a 
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vortex state with anticlockwise orientation. Though the spins were arranged in all the 
elements of the chain in the same S-arrangement during reversal process at H = 0 Oe, 
the further development of vortex states is not in the same. It is the neighboring effect of 
adjacent elements that the spins in the elements develop states of very different vortex 
arrangements as the applied field changes.  
  
Figure 8.13 Spin arrangement in a 3-astroid chain obtained from OOMMF simulations 
at (a) H= 2000 Oe, (b) H= 0 Oe, (c) H= -20 Oe, (d) H= -70 Oe, (e) H= -230 Oe, (f) H= -
400 Oe, (g) H= -500 Oe, (h) H= -2000 Oe.  
Spin arrangement in figure 8.13(e) shows a CAA type of arrangement where C stands 
for clockwise and A stands for anticlockwise spin orientation. It might be expected that 
CAC or ACA type of arrangements also can have a flux-closure by having opposite 
chirality in the adjacent elements, but it leaves the third element uncompensated. The 
chain tries to minimize the surface energy by having opposite orientations in the 
outermost elements in C_A or A_C (for reverse cycle) configurations first, and then 
central element develops a state depending on the applied field direction by having A 
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state for positive fields in CAA and C state for negative fields as observed for a single 
astroid. 
With further increase in the reverse field to H =-400 Oe (fig. 8.13f), the vortex states 
with clockwise orientations start to shift upward whereas the vortex state with 
anticlockwise orientation shifts downward, perpendicular to the field direction. At a 
field H = -500 Oe (figure 8.13g), the vortex states disappear and spins unwrap to follow 
the applied field direction. Figure 8.13(h) shows the magnetic spins at the reverse field 
of H = -2000 Oe. 
Magnetic hysteresis cycle, magnetostatic energy and exchange energy curve of a 3-
astroid chain are shown in the figure 8.14. The curves consist of more switching steps 
and energy jumps as compared with the cycles of single astroid and 2-astroid chains. 
The hysteresis cycle shows several switching steps, where each step corresponds to the 
spin rotation and vortex development in the individual elements of the chain. The 
hysteresis cycle becomes smoother as the number of elements in the chain increases 
from 1 to 3. For a single element, distinct steps were observed corresponding to each 
spin reversal and the vortex development. As the number of chain element increases, the 
change in magnetization becomes smoother due to consecutive reversal process going in 
the different elements of the chain. The spin states corresponding to steps a-h (fig 8.13) 
are marked on the loop shown in figure 8.14. Energy jumps marked by pointers c, d and 
e in figure 8.14 represent the development of vortex states in 3 astroids of the chain. 
Drop in the magnetostatic energy is uniform at steps c, d, and e but exchange energy 
shows the largest jump at the step e when vortex states state are created in all the 
astroids.  
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Figure 8.14 Spin states of the pattern simulated by 2D-OOMMF code (a) H= 2000 Oe, 
(b) H= 0 Oe, (c) H= -20 Oe, (d) H= -70 Oe, (e) H= -230 Oe, (f) H= -400 Oe, (g) H= -
500 Oe, (h) H= -2000 Oe. 
 
Further increase in exchange energy after step e is attributed to the movement of vortex 
centers away from the nanostructure centers, due to asymmetric alignment of spins in 
the shifted vortices. Further increase in the magnetostatic energy and the decrease in the 
exchange energy at large negative fields is attributed to the annihilation of vortex states 
and the alignment of spins along the applied field. Magnetostatic energy curve shows 
that all-vortex state obtained at field of H = -230 Oe is the lowest energy configuration 
during switching of spin alignments. It also shows an increase in the switching field 
required to develop all-vortex states during the in-situ spin reversal if the number of 
chain elements increase from 2 to 3. 
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We can summarize that the magnetization reversal process in a chain of 3-astroids also 
depends on the development of spin states along the chain, based on the energy 
minimization process of the system. It is achieved through a flux-closure configuration, 
obtained by the development of vortex states of opposite chirality at its end elements. 
 
Also, the development of all vortex states in 3-element chain occurs a reverse field of H 
= -230 Oe, which is higher than the switching field of 2-element chain. It shows the 
additional energy is required to develop all-vortex state in a 2-element system. The S-
type of spin arrangement obtained by in-situ OOMMF simulations for a 3-astroid chain 
is not observed in remanence images which can be attributed to the fact that S state is 
not a stable state at remanence, and the system will gradually relax to a state of lowest 
energy which is an all-vortex state in the absence of the external field.  
 
8.4 Chain of 4 astroids 
Chain of 4 astroids becomes more important for further understanding of its spin 
arrangements, after the investigation of magnetic states in a single element, 2-element 
and 3-element chains. As we know for a chain of 3 astroids, the central element was free 
to align along the external field while extreme elements were arranged in configurations 
of opposite chirality. Chain of 4 astroids has even number of elements which makes 
development of spins in one element more complicated, as the elements may pair up to 
attain flux-closure orientations. The spin arrangements become more dependent on the 
spin states in the neighboring elements, as compared to the previous case of 3 elements.  
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8.4.1 Magnetic domain study 
Figure 8.15 shows the SEM and MFM images of a 4-element chain, obtained at 
remanence during their magnetization reversal process. Figure 8.16 shows the 
schematics of their spin orientations represented by the arrows, for better understanding 
of the spin states observed in MFM images in figure 8.15. The spins states changing 
their vortex orientations during the increase in the field steps are enclosed by the dotted 
lines. Figure 8.15(a) shows the remanence image of its saturation state, after 
magnetizing the sample at H = 10,000 Oe along the direction shown by the white arrow. 
It shows the development of a CCAA arrangement. This arrangement must be the lowest 
energy state, after spins have relaxed from its saturation state in the absence of the 
applied field.  
 
During the magnetization reversal process, the first change in the remanence state was 
observed when a field of H = -800 Oe was applied (figure 8.15b), and the spins attain 
CACA arrangement. A change in the vortex states of 2nd and 3rd elements is observed. 
Now the two neighboring elements 1st & 2nd, 3rd & 4th form pairs having opposite 
vortex orientations. At H = -1000 Oe, the 1st element of the chain reverses its spin 
creating a CACC type of sequence. Now the two extreme elements have the same 
orientation of vortex states. It is achieved at the expense of the external energy supplied 
by the applied field, H = -1000 Oe. The CACC type of arrangement is not the lowest 
arrangement to which the system relaxed after the external field was removed from its 
saturation state, but a state achieved at the expense of energy supplied by the extra 
negative field. CACC configuration (fig. 8.15c) should have higher energy than the 
previous CCAA (fig 8.15a) or CACA states (fig 8.15b). 
 




Figure 8.15 SEM image showing the 4-astroid chain along with the MFM images taken 





Figure 8.16 Schematics of spin arrangement at the remanence states of (a) H = 10,000 
Oe (b) H = -800 Oe, (c) at H=-1000 Oe and (d) at H=-1200 Oe. 
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With further increase in the reverse field to H = -1200 Oe, AACC spin arrangement is 
observed after the spin reversal in the 4th element. The spin state achieved at H = -1200 
is opposite to the remanence state obtained after saturating the sample at positive field H 
= 10,000 Oe, showing the achievement of saturation state at H = -1200 Oe. The spins 
arrangements do not change with further increase in the reverse field, and hence 
confirms the completion of reversal cycle of the 4-astroid chain. 
 
8.4.2 Simulation of spin states 
Figure 8.17 shows the calculated spin states of a 4-astroid chain at remanence along 
with energy associated with them. For a 4-astroid chain, different vortex combinations 
are possible such as, having same orientations in all the elements as CCCC, or three 
elements in same orientations as CCCA and CACC, or pairing of spins in neighboring 
elements in CACA and CAAC arrangements. As shown in figure 8.17, the magnetostatic 
energy of CAAC combination is the lowest, followed by different arrangement of paired 
spins in CCAA order. In these arrangements, pair of adjacent elements tends to form a 
unit and arrange in a flux-closure configuration.   
 
In the first pair CAAC, the first level of flux-closure is formed between 1st & 2nd, 3rd & 
4th elements. These two pairs are then arranged in opposite combinations at the two 
ends of the chain to form a second level of flux-closure configuration.  
In the second CCAA state, the spins in 1st & 2nd, 3rd & 4th element pair up by having 
same orientations and then behave as a single unit (CC or AA), forming two units of 
opposite orientations at the two ends of the chain. CCAC comes next in the energy 
variation, followed by highest energy for CCCC arrangement. However CCCC 
arrangement is not observed in MFM images because spins can always break down into 
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other combinations to minimize the energy of the system. It can be attributed to the 
“strain” developing in the spin chains which are constantly curled up continuously in 
the CCCC arrangement along the chain and spin chains tend to break it at the 
remanence. 
 
Figure 8.17 Remanent spin states in a 4-element chain, simulated by OOMMF code at H 
= 0 Oe, along with magnetostatic and exchange energy values. 
Further investigation of spin behavior is done by studying the in-situ spin states for the 
4-astroid chain and the results are shown in figure 8.18. All the spins are initially 
aligned along the applied field at saturation fields (fig. 8.18a), and later attain a 
combination of curled states (fig. 8.18b) in the astroid elements when the field is 
reduced gradually to H = 0 Oe. This spins arrangement at H = 0 Oe is much different 
from the spin arrangement in 3-element chains observed in the in-situ states. Now the 
1st, 2nd and 4th elements show the spins curling in clockwise and anticlockwise 
directions and forming 75% of vortex states, whereas the 3rd element forms an S-type 
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arrangement. With the increase in the reversal field to H = -80 Oe, a vortex is developed 
in the 1st element (fig. 8.18c), followed by the development of vortex in the 
neighboring 2nd element (fig. 8.18d) at H = -120 Oe.  
The spins in 1st and 2nd elements are arranged in anticlockwise and clockwise 
orientations, thus forming a pair of opposite spin chirality. With further increase in the 
reverse field strength, the next vortex state is developed in the 4th element, while the 
3rd element is still in the S-type of arrangement (fig. 8.18e). The vortex chirality of the 
right most astroid is opposite to the spin orientation of the 1st element. It  continues the 
trend observed for the spin development in 3-astroid chains where vortex states in the 
outer most elements were showing opposite orientations. 
At H = -250 Oe, a vortex state is developed in 3rd element (fig. 8.18f). The spin 
orientation in the 3rd element is developed in such a way that it is opposite to the spin 
orientation of the 4th element, thus forming two pairs of 2-astroids coupled through 
opposite orientation of spins in AC-AC order. With further increase in the reverse field 
strength, the vortex starts to move perpendicular to applied field direction (fig. 8.18g), 
and disappears at high fields H = -2000 Oe, and spins again follow the applied field 
direction (fig. 8.18h).  




Figure 8.18 Remanence states after applying a field (a) H = 2000 Oe, (b) H = 0 Oe, (c) 
H=-80 Oe, (d) H=-120 Oe, (e) H = -160 Oe, (f) H=-250 Oe, (g) H=-410 Oe, (h) H=-
2000 Oe. 
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The ACAC arrangement as predicted by OOMMF simulations is not the lowest energy 
state for 4-astroid chains. These in-situ states show the sequence of new spin 
developments from the previous states as the applied field increases; hence it is 
dependent on the magnetic history of the sample and does not necessarily passes 
through the state with global minimum of magnetic energy for the system. However the 
MFM sequence CCAA passes through the CACA arrangement during switching cycle to 
the reverse saturation state AACC. 
Figure 8.19 shows the curves of magnetization, magnetostatic energy and exchange 
energy for the 4-astroid chain, at different steps of the magnetization cycle. The energy 
variation for 4-astroid chain shows more number of steps compared to the 3-astroid 
chain, and each step corresponds to the development and rotation of spin states, which 
are marked by a-h on the magnetization curve. The magnetostatic energy curve shows a 
minimum at field H = -160 Oe when three elements, 1st, 2nd, and 4th, are in vortex state 
and the 3rd element is still in the single domain state. A sudden drop is observed in 
magnetostatic curve at H = -230 Oe when the 4th element also develops the vortex state.  
Magnetostatic energy and exchange energy are more sensitive to the spin rotations and 
spin reversal as seen by the sudden jumps in the energy curves, as compared to the 
magnetization curve which shows the net magnetization value and is less sensitive to 
small spin reversals. At the field step H = -80 Oe, the magnetization curve does not 
show much change in the magnetization value, but the magnetostatic and exchange 
energy curves show a large jump, due to the  development of vortex state in the 1st 
element and spin curling in rest of the three elements. This field strength, required to 
develop an all-vortex state in all the astroids of the chain, can be a measure of the spin 
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coupling between different elements of the chain, and the increase in this field value for 
chains of different elements is induced by the presence of additional elements. 
 
 
Figure 8.19 Hysteresis cycle and variation of magnetostatic and exchange energies 
during the field sweep for a 4-astroid chain. The markers a-h correspond to field values 
(a) H = 2000 Oe, (b) H = 0 Oe, (c) H=-80 Oe, (d) H=-120 Oe, (e) H = -160 Oe, (f) H=-
230 Oe, (g) H=-410 Oe, (h) H=-2000 Oe. 
 
 
In conclusion, spin arrangement in a 4-astroid chain is different from the arrangement in 
3-astroid chain. The spins in the adjacent elements are coupled and behave as unit, and 
form pairs of units having opposite orientations. During the field reversal, vortex pairs 
are broken at the expense of additional energy and individual pairs in adjacent elements 
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are formed in ACAC combinations. In a chain of 4 astroids, all the elements of the chain 
do not develop same orientation of spin arrangement. It is attributed to the strain 
developed in the spin chains being constantly curled in the same direction, which is 
relaxed by breaking the spin chain and having opposite orientations in the neighboring 
elements. 
 
8.5 Chain of 5 astroids 
This section presents the spin arrangement in a chain of 5-astroid elements. It has been 
shown in previous sections that the process of spin arrangement in the chains become 
more and more complicated as the chain gets longer. However the sequence of vortex 
states in the simulations takes place in an order dictated by the competition between the 
magnetostatic and exchange energies. An all-vortex state is the lowest energy state 
attained at remanence. The all-vortex state obtained during the in-situ arrangements 
shows different behavior of spin arrangements occurring at different switching fields, 
which is dependent on the previous magnetic state of the chain and the number of 
elements in it. We define this effect as “spin strain” developed within the spin chains. 
Spin arrangement in one element affects the development of spin state in the 
neighboring element and tries to attain minimum spin strain, either by getting opposite 
orientations of vortex or single domain states. This explains the absence of CCCC or 
AAAA type of state in the MFM images of 4-astroid chains. It becomes more interesting 
to explore the spin arrangement in longer chains of 5-elements, to understand the 
complications in their spin arrangements, and the effects of spin arrangement in one 
element, on its neighbors.  
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8.5.1 Magnetic domain study 
Figure 8.20 shows the MFM images of a 5-element chain taken at remanence of 
different fields during the magnetization reversal cycle. The schematics of spin 
orientations are also shown in figure 8.21 to represent the states observed in the MFM 
images. Figure 8.20(a) shows the remanence image following saturation state achieved 
at a field H = 10,000 Oe applied along the direction shown by the white arrow. The 
image shows the domain pattern after the relaxation of spins from saturation. It shows 
the spins in a CAAAC arrangement. We can see that in the long chain of 5-elements, the 
extreme elements do not have opposite vortex chirality. Based on understanding from 
the 4-element chain, it can be said that the adjacent element at the ends of the chain 
forms a pair. 1st & 2nd elements form a pair of opposite chirality where as 4th & 5th 
element can be treated as a pair. A pair of two adjacent astroids of opposite chirality can 
be treated as a single unit. So that these units at the two ends of the chain form a group 
of opposite combinations, thus attaining a second level of flux closure combination. It 
leaves the 3rd element free, to be aligned according to the applied field direction, in a 
similar way as observed for a chain of 3-astroids.  
 
During its magnetization reversal, a change in spin states is observed at the applied field 
H = -750 Oe (figure 8.20b), when the chain has new AAAAC type of spin arrangement 
after the spin rotation in the 1st element. Development of AAAAC type of spin state can 
be explained by the strain mechanism. As observed in the previous section of 4-element 
chain, MFM did not show any AAAA or CCCC type of arrangement during the 
magnetization reversal. However 5-element chain can hold 4 elements in AAAA or 
CCCC type of arrangement, by having its 5th element arranged in the opposite 
orientation for strain relaxation. 
 




Figure 8.20 SEM image showing the topography of patterns, along with the MFM 
image taken at remanence of (a) H = 10,000 Oe, (b) H = -750 Oe, (c) at H=-800 Oe, (d) 
H = -850 Oe, (e) H=-900 Oe and (f) H=-950 Oe. 
 
Similar behavior was observed for 4-element chain having 3 elements in CCC type of 
arrangement with the 4th element having opposite orientation. For a 3-element chain, 
two elements were seen holding same orientation of AA or CC in CCA or AAC 
arrangements with strain relaxation provided by the third element. However 2-element 
chain could easily hold both of its elements in the same direction due to the small strain 
between the two elements of the chain. 
 




Figure 8.21 Schematics of MFM images taken at remanence of applied fields (a) H = 
10,000 Oe (b) H = -750 Oe, (c) at H=-800 Oe, (d) H = -850 Oe, (e) H=-900 Oe and (f) 
H=-950 Oe. 
 
Next spin reversals are observed at H = -800 Oe (figure 8.20c) after the spin rotation in 
the 4th element, giving a state of AAACC arrangement and, at H = -850 Oe (figure 
8.20d) after the spin rotation in the 2nd element corresponding to ACACC arrangement. 
The 3rd element changes its vortex chirality at H = -900 Oe (figure 8.20e) and system 
attains ACCCC chirality order. This arrangement is exactly opposite state of the 
chirality order observed at H = -750 Oe.  At further increase in the negative field to H = 
-950 Oe (figure 8.20f), ACCCA arrangement is observed after final reversal of spins in 
the 5th element. 
 
The ACCCA spin arrangement shown in figure 8.20(f) is opposite state of the spin 
arrangement obtained at remanence of positive saturation (CAAAC), and hence 
completes the spin reversal process. Now extreme pairs of 1st, 2nd and 4th, 5th 
elements still hold the opposite combination of spin orientations and it is opposite to the 
spin orientations obtained at remanence of positive saturation. Now the central element 
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(3rd) shows the vortex states with clockwise orientation. Here the central element shows 
a opposite order of clockwise/anticlockwise orientation in relation to the direction of 
applied field. This is opposite to the spin behavior of 3-element chains if extreme pairs 
of elements in the 5-astroid chains are treated as a single unit. The switching process in 
5-element chain is more complex than in a 3-element chain due to the contribution from 
the additional two elements. 
 
8.5.2 Simulation of spin states 
Figure 8.22 shows the calculated spin states of a 5-astroid chain at the remanence along 
with energy associated with them. These spin states were calculated by solving the LLG 
equation at zero field, with initial random magnetization and shows the spin 
arrangements of minimum energy for any given random magnetization. All these states 
are likely to occur at remanence depending on the initial magnetization of the system. 
The CACAC arrangement has the lowest magnetostatic energy in all of these 
combinations. When the system is in saturated state, it should relax to this state. A 
similar domain arrangement is seen in the MFM image (fig 8.20) where the two extreme 
two elements on either side of the chain behave pair up with the adjacent element and 
behave as a unit and attain opposite combination of states developing a flux closure 
configuration. It agrees with the results obtained for astroid chains of 3, and 4 elements 
discussed previously. All other states shown in figure 8.22 have higher magnetostatic 
energy than this state. The second state shown in figure 8.20(b) after a small field was 
applied, was achieved at the expense of extra energy supplied by the applied field, and 
relaxes to the state AAAAC. This is also in agreement with the simulation results. The 
other states observed in the MFM images (fig 8.20) were states obtained after a new 
field was applied to the old remanent states, which pushes up the system to the next 
state of higher energy from the lowest energy states.  
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Other states shown in figure 8.22 should occur during the magnetization reversal of 5-
astroid chains, but all of them were not observed during MFM imaging. It can be 
attributed to the competition between the magnetostatic and exchange energies, which 
favors different combinations depending on the material irregularities, and  shape, size 
variations which are difficult to taken account during micromagnetic simulations. In 
overall, the magnetic behavior of fabricated nanostructures is similar to the behavior of 
ideal nanostructures simulated at absolute temperature 0 K. 
 
 
Figure 8.22 Remanent spin states of a 5-element chain, simulated by OOMMF code at 
H = 0 Oe, along with corresponding magnetostatic and exchange energy values. 
 
In-situ spin states of a 5-astroid chain are shown in figure 8.23. As observed in the 
previous cases, the spins are aligned along the applied field direction at high fields (fig. 
8.23a). Spin relaxation for a 5-element chain at H = 0 Oe (fig. 8.23b) shows a mixture 
of S, negative-S and curled states. 1st and 3rd elements of the chain (fig. 8.23c) develop 
vortex states during the magnetization reversal, having vortex states of chirality C and A 
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at a field H = -130 Oe. The next vortex state is developed in the 5th element at H = -150 




Figure 8.23 Remanence magnetic domain distribution after applying a field (a) H = 
2000 Oe, (b) H = 0 Oe, (c) H= -130 Oe, (d) H= -150 Oe, (e) H = -240 Oe, (f) H= -280 
Oe. 
 
The spin states in the extreme 1st and 5th elements show same chirality being the 
outermost elements of the chain. A vortex state is created in the 2nd element at H = -
240 Oe (fig. 8.23e) leading to development of an all-vortex state in the chain at field H 
= -280 Oe (fig. 8.23f) having a CAAAC type of spin arrangement. This state is the same 
as observed in MFM at the remanence. However, the sequence of vortex creation in 
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random elements of the chain is decided by the energy contribution from different 
elements, and the shift in the energy of system after the development of subsequent 
vortex states. 
 
With further increase in reverse field strength, all-vortex state is annihilated same way 
as observed in previous simulation cases for different chains. It can be added that for a 
5-astroid chain, the chirality combination of CA acts as a unit in similar arrangement as 
seen for the 3-element chain having a single element as a chirality unit. The chirality 
(CA) in the outermost units of the 5-element chain is also arranged in opposite orders. 
The flux closure configuration holds valid only at the remanence of saturation state, 
where spins relax to the minimum energy configuration. In subsequent MFM states 
during the field reversal, this configuration of CA as a unit does not hold due to the 
lowest energy configuration perturbed by the external field. 
 
Figure 8.24 shows the magnetization, magnetostatic energy and exchange energy 
variations for a 5-astroid chain at different steps of the applied field. The switching 
steps in the magnetization hysteresis cycle are smoother as compared to distinct steps 
seen in hysteresis cycle for the single element. It is due to the gradual spin reversal 
going in different elements of the chain because of which the magnetization value 
changes in small steps as there is no sudden change in spin reversal as a whole. The 
marker in the hysteresis cycle corresponds to the spin states shown in figure 8.23. 
Magnetostatic and exchange energy curve shows similar behavior as seen in previous 
cases of different chains and exchange energy shows a maximum when vortex center 
shifts away from the astroid centers at high negative fields.  
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Figure 8.24 Magnetization, magnetostatic and exchange energy cycles at the different 
steps of fields (a) H = 2000 Oe, (b) H = 0 Oe, (c) H= -130 Oe, (d) H= -150 Oe, (e) H = -
240 Oe, (f) H= -280 Oe. 
 
Spin states corresponding to H = -240 Oe (fig 8.23e) show the lowest magnetostatic 
energy curve during in-situ development of states. A next drop in magnetostatic energy 
is observed at H = -280 Oe (fig 8.23f) when all the elements of the chain develop vortex 
state. This state with all-vortex combination should be at the lowest energy point in the 
in-situ magnetostatic energy curve, but because this is an in-situ measurement and when 
vortex state is developed in the fifth element, the vortex states in rest of element are 
already shifting away from the center due to large negative fields. It is due to the 
computation limitation of OOMMF code. However the energy corresponding to this 
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vortex combination is calculated at zero fields and compared with other vortex 
combinations and discussed in relation with MFM states later in this chapter. 
In conclusion, the sequence of development of spin states in a 5-element chain also 
shows a greater dependence on the spin state of neighboring elements. For a long chain 
of 5-element, the two neighboring elements behave as a unit at the remanence of its 
saturation state. The MFM shows that system can hold up to 4 elements with same 
vortex chirality with additional 5th element arranged in opposite chirality. During 
reversal process, spins of each individual element reverse within the strain limit of the 
chain, at the expense of the additional energy provided by the external field. 
8.6 Development of vortex states 
So far we have discussed the switching of spin states in different astroid chains having 1 
to 5 elements. In-situ spin simulations show that the sequence of all-vortex state 
developed in presence of applied field varies from chain to chain. All-vortex state is 
developed in the astroid chain at a given field when energy provided by the external 
field is large enough to compensate the increase in the exchange energy during the 
development of vortex states. As studied in previous sections, single astroid element 
shows in-situ vortex arrangement of spins at H = 0 Oe. With increase in the number of 
elements in the astroid to 2, 3, 4 and 5, the development of all-vortex states is pushed to 
higher and higher negative fields. Figure 8.25 shows the trend in the applied field 
required to develop in-situ all-vortex state in the astroid chains, as obtained from 
OOMMF simulations.  
 
Development of vortex state in single element is achieved automatically because of 
single element prefers to be in the lowest energy state. However for a 2-element chain, 
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the spin state in one element puts a strain on the spin development in the neighboring 
element and as a result, a higher negative field is required to attain in-situ vortex states 
in both elements of the chain. It increases further for the 3-element chain. The curve 
shown in figure 8.25 is a measure of strain energy developed due to spin interaction 






















Figure 8.25 Applied field strength at which all-vortex state is developed in the different 
chains astroids. 
 
8.7 Magnetization reversal from vortex states 
In all the cases above, the OOMMF simulations discusses the in-situ switching 
mechanism as the as field varies between two saturation states, but the MFM images 
represent the remanent states to which system relaxes in the lowest energy configuration 
from its saturated states. During the MFM imaging of magnetization reversal cycles, a 
small field was applied and removed. It is observed that the vortex combination of the 
lowest energy configuration changes into a new sequence of vortex states. This 
additional field required to re-orient or change the lowest energy configuration of the 
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system, can be used to estimate the spin hardness of that remanent state and transition 
energy required to the switch to the next possible vortex arrangement. The hardness of 
spins arranged in vortex state is also a measure of the shape anisotropy present in the 
nanostructures and, the competition between the magnetostatic energy and exchange 
energy of the spin arrangement.  
 
Figure 8.26 shows the variation of the switching field for different chains, required to 
switch the lowest energy state obtained at the remanence of its saturation state. The 
switching field oscillates with the number of chain elements [8]. For a single element, a 
field H = 45 Oe is required to change its vortex chirality. For applied field smaller than 
H = 45 Oe, the spins try to rotate but relax back to the previous state due to the strain of 
the spin chain oriented in previous vortex state. As the field crosses H = 45 Oe, the 
spins can break the previous vortex state and can relax to next energy state which is the 
opposite orientation for a single element. Both energy states are preferable for a single 
element at the remanence, and its chirality depends on the direction of the applied field. 
 
For a 2-element chain, a rather high switching field is observed. It switches from its 
relaxed vortex combination of CA into the next state CC at the switching field of H = 
150 Oe. This high field requirement is attributed to the spin coupling between the two 
elements which prefer to be aligned in a flux closure state of opposite vortex 
orientations. This field of H =150 is a measure of hardness of spin chains arranged in 
CA arrangement. However for a 3-element chain, switching field drops back to 45 Oe. It 
is attributed to the imbalance created by the additional element when two extreme 
elements are arranged in the opposite orientations. The 3rd element in a 3-astroid chain 
is free to rotate, and as a result, the switching field drops.  
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For 4-element chains, switching field again increases due to the coupling of elements as 
a group and arranging themselves in opposite orientations. This combination is harder to 
break as shown by the increase in the switching field for 4-astroid chain. A small drop 
in switching field is observed for 5-element chain because of coupling of the two pair of 























Figure 8.26 Switching field required to switch the lowest energy state obtained at the 
remanence of saturation states, for different astroid chains. 
 
Increase in the switching field for the chain having even number of elements and a drop 
observed in the chains with odd number of elements, is attributed to spin coupling 
between the spin states and freedom of spin reversal during their magnetization reversal 
at remanence. Chains with even number of elements can be coupled perfectly by having 
opposite orientation of spins whereas an imbalance is created in the spin coupling in the 
chains with odd number elements. This study can be further extended in switching 
mechanism of devices like logic circuits where one element is coupled to another. 
Lower switching field can be achieved by forming a group of 3 elements. Higher 
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switching field can be achieved by further addition of extra elements and making a 
group of four elements, thus different combination of patterns can be used to achieve 
different switching fields and spin states depending on their processing functions. 
 
8.8 A long chain of 13 astroids 
As discussed in previous section, the magnetostatic energy and exchange energy 
variation become independent of the number of elements in long chains. In long chains, 
such as one with 13 elements, the system must be able to hold different magnetostatic 
and exchange energy combinations within the strain limits of the energy system. The 
system of 13 elements is further studied for their possible spin arrangements and its 
switching behavior between the two saturation states.  
8.8.1 Spin arrangement at remanence 
Figure 8.27(a) shows the MFM image of a chain of 13 astroids obtained at remanence 
after applying a field H = 10,000 Oe along its long axis. The black arrow shows the 
applied field direction. Figure 8.27(b) shows the schematic representation of its spin 
configuration along the chain. The MFM image shows a complex combination of single 
domain states observed in the chain along with the vortex states of different orientations 
along the length of the chain. Single domain type of spin arrangement having S or 
negative-S configurations were observed in in-situ spin states of single astroids and 
chains of 2 to 5 elements as discussed in previous sections. However the MFM images 
of smaller chains did not show any single domain type of arrangement at remanence. 
For longer chains, such as this one consisting of 13 elements, the single domain 
configuration is also seen as a stable state and observed at the remanence in MFM 
images. The presence of single domain states can be attributed to the fact that, for a long 
astroid chain, the increase in magnetostatic energy contributed by an additional element 
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is small as compared to the total magnetostatic energy and the system can achieve 
different combinations of magnetic spins at the remanence without a significant effect in 
its energy distribution. The direction of magnetic spins in the astroids having single 
domain arrangement (from black to white contrast) is opposite to the applied field 
direction. The origin of this opposite polarity of spin in the single domain arrangement 
needs to be further explored. However we can attribute the single domain arrangement 
of magnetic spin to the magnetic “strain” caused by curling of spin in the vortex 
configurations. When spins are curled in the vortex states in a long chain, spins reduce 
the tension in the string of spins by having a fold in the long spring of spins, and it is 
observed as single domain state in the MFM. 
 
 
Figure 8.27 (a) Magnetic domain distribution at remanence after applying a field of 
strength H = 10,000 Oe along its long axis, (b) Schematic of different spin 
configurations along its length. 
 
8.8.2 Magnetization along the short axis 
Figure 8.28 shows the magnetic domains of the long chain of 13 elements at remanence 
of different fields applied during the magnetization reversal cycle, along with the 
scanning electron microscope image of the chain for easy correlation of different 
patterns along its length. The numbers at the top show the position of the elements in 
the chain. The field was applied in the sample plane, along the short axis of the chain in 
the sample plane. Figure 8.28(a) shows the domain configuration of the chain obtained 
at remanence after saturating it in a maximum available field of H = 10000 Oe. The 
dotted arrow shows the applied field direction. A negative field was applied in gradual 
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steps to observe the spin states as the magnetization reversal takes place. Figures 
8.28(b)-(i) show the MFM images taken at remanence after applying negative fields of 
increasing strengths. The remanence state at a particular field depends on the 
magnetization history and the strength of the field and hence can give us an insight into 
magnetization reversal processes occurring inside the chain. Schematics of domain 
arrangement are also shown for easy understanding of the magnetic states in figure 8.28 
and presented below the MFM images as (a-s) to (i-s) for each MFM image 8.28(a) to 
8.28(i) respectively. The schematic of magnetic state enclosed by a solid line shows the 
original and new vortex states during the reversal process.  
 
Figure 8.28(a) shows the remanence state of the astroids saturated at H = 10000 Oe. In 
this image, 11 astroids of the chain show single domain arrangements. The magnetic 
spins in the domains are aligned along the diagonals of the astroids forming a single 
domain arrangement. Two vortex states of anticlockwise orientations (7th and 12th 
elements) are also seen along the length of chain. The development of vortex states is 
attributed to the magnetostatic energy compensation occurring in the chain. A single 
domain arrangement of magnetic spins has high magnetostatic energy compared to the 
vortex arrangement of spins; hence the chain tries to reduce its energy at remanence by 
forming two vortex states along its length. The location of vortex state in the chain 
depends on the energy minimization along its length which is greatly dependent on the 
internal magnetic non-uniformity and shape variations in the elements present in the 
astroids. 
 
Figure 8.28(b) shows the magnetic state with the first change in the domain 
arrangements observed after applying a reverse field of H = -65 Oe. The 13th element of 
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chain changes its domain arrangement from a single domain to a vortex state. No further 
change in the states was seen until the field H = -375 (fig 8.28c) is applied. The chain 
now develops vortex configurations in all the elements of the nanowire. The majority of 
vortex states have anticlockwise orientations, except the 3rd, 10th and 11th elements. 
These three elements (3rd, 10th & 11th) have clockwise orientation of magnetic spins. 
We attribute the locations of these clockwise vortex states to the shape variations in the 
astroids and to the “strain” minimization process which is developed due to the rotation 
and curling of chains of magnetic spins arranged in the anticlockwise orientations in the 
rest of elements. Since all the elements are in vortex configurations which is the lowest 
energy state for the elements, the system tries to relax the strain in the spin-chains by 
turning these three elements in opposite clockwise orientations.  
 
On further increase in the reverse field at H = -850 Oe (fig 8.28d), two more astroids 
(3rd and 10th) reverse their spin orientations. It can be easily observed in the spin 
schematics below the MFM images, which were obtained from high magnification 
images of the astroids and are the representation of the domain states. More spin 
flipping is observed at H = -1050 (fig 8.28e) when 2nd and 6th element flip their spin 
orientations as the field increases from H = -850 Oe to H = -1050 Oe. Next, a single 
domain state is developed at the high field of H = -1600 Oe (fig 8.28f) along with 
flipping of spin orientations in the 1st, 2nd and 11th elements. The field is strong 
enough to break the chain of vortex states and align them along the short axis of the 
astroid chain, whereas at smaller reversal fields, the reversal was occurring only through 
the changes of vortex orientations. At the reverse field of H = -2000 Oe (fig 8.28g), four 
astroids (8th – 11th) develop single domain arrangements of magnetic spins. At H = -
3000 Oe, five more astroids (2nd – 6th) join the single domain arrangements (fig 8.28h). 
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Further increase in the reverse field strength does not cause any change in magnetic 
states of the astroids. The contrasts of the domain arrangements seen in figure 8.28(i) 
are exactly opposite to the contrasts of the magnetic states obtained at the remanence of 
positive saturation field (fig 8.28a). It confirms the completion of the reversal cycle. The 
chain still shows the same two astroids (7th and 12th) having vortex configurations but 
now with clockwise orientations of the spins. It confirms that these locations of vortex 
states are due to the shape variations present in the astroids and become the centers of 
strain minimizations along the length of chain.  
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Figure 8.28 Magnetic domain distribution in wire taken at remanence after applying an 
external field along the short axis of strength (a) H = 10,000 Oe, (b) H = -65 Oe, (c) H = 
-375 Oe, (d) H = -850 Oe, (e) H = -1050 Oe, (f) H = -1600 Oe, (g) H = -2000 Oe, (h) H 
= -3000 Oe. Numbers at top show the locations of astroid elements in the wire. 
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8.8.3 Magnetization along the long axis  
Domain switching in the long chain of 13 elements is further studied by applying the 
external field along its long axis and imaging its domain arrangement at the remanence. 
Figure 8.29 shows the SEM image along with the magnetic states observed at 
remanence at different steps when the applied field is gradually varied from 10000 Oe 
to -10000 Oe. Figure 8.29(a) is the magnetic state at remanence following saturation 
field H = 10000 Oe. Figure 8.29(b)-(i) are the MFM images taken at remanence after 
applying a negative field of increasing strength. The numbers at the top in figure 8.29 
show the positions of the astroids along the nanowire and corresponding schematics of 
domains are shown below the MFM images.. 
At the remanence of H = 10000 Oe (fig 8.29a), the MFM shows a very different and 
complex combination of single domain and vortex states as compared with the 
remanence of short axis saturation states (fig 8.28a). The two extreme astroids (1st and 
13th) are seen having opposite orientations of the vortex chirality. The direction of spin 
flow is again defined to be flowing from black to white contrast. The single domain 
arrangements observed in figure 8.29(a) have spins aligned along the diagonals of the 
astroids pointing towards upper-left or lower-left corners, which is in the opposite 
direction to the applied field (pointing to the right). 
At a small reverse field H = -25 Oe (fig 8.29b), the magnetic spins in the 8th element 
arrange into a vortex state. With further increase in the reverse field to H = -35 Oe (fig 
8.29c), three more elements (9th-11th) develop vortex states from their previous single 
domain alignments. The two astroids (9th and 10th) which were having single domains 
pointing in upper-left and lower-left directions developed vortex states with 
anticlockwise arrangement of spins. The observed clockwise and anticlockwise vortex 
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orientations of these elements do not only have a relation with the history of single 
domain states within the individual elements alone but also depend on the energy 
minimization in the whole system. As a result, these two elements (9th & 10th) develop 
the same type of vortex orientation, despite having different domain states prior to the 
application of this field step. 
At the applied field of H = -65 Oe (fig 8.29d), all the elements develop vortex states of 
magnetization. This all-vortex state observed for the long axis (fig 8.29d) is different 
from the all-vortex states achieved for short axis (fig 8.28c-8.28e) alignment of the 
applied field, showing a dependence of the lowest energy configuration on the way the 
magnetization is performed. No change in vortex arrangement (fig 8.29d) is seen until 
the field H = -375 Oe is applied when the 11th element develops a single domain state 
(fig 8.29e). The 6th element (fig 8.29f) is the next element attaining a single domain 
state at the reverse field of H = -600 Oe. Four more elements (2nd -5th) develop single 
domain states at the field of H = -650 Oe (fig 8.29g), showing a coupled switching 
along with flipping in vortex orientations of 7th and 12th elements. 
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Figure 8.29 Magnetic domain distribution in wire taken at remanence after applying 
varying external field along the long axis of strength (a) H = 4000 Oe, (b) reverse field 
H = -25 Oe, (c) H = -35 Oe, (d) H = -65 Oe, (e) H = -375 Oe, (f) H = -600 Oe, (g) H = -
650 Oe, (h) H = -850 Oe, (i) H = -1050 Oe. Numbers at top show the locations of 
astroid elements of the wire.  
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The next change in the magnetic states of the astroids is seen at H = -850 Oe (fig 8.29h) 
when the 10th element develops single domain state along with the flipping of vortex 
orientation in 8th and 13th elements. With further increase in the field to H = -1050 Oe 
(fig 8.29i), group switching of 8th-9th elements is observed. The magnetic states of the 
astroids do not change with further increase in reverse field strength. These magnetic 
states are repeatable even after applying H = -10000 Oe confirming the magnetic 
saturation for the negative fields. Interestingly the remanence state at H = -10000 (fig 
8.29i) is not exactly opposite to the magnetic state obtained at H = 10000 Oe (fig 8.29a). 
We attribute this asymmetry in the domain states observed at the remanence of the two 
saturation states to the development of a magnetic “strain” in the astroids. For 
Permalloy (Ni80Fe20) nanostructures, the effect of crystal anisotropy is negligible.  The 
astroids of the chain may have shape variations but the two saturation states should be 
opposite, as seen previously for the short axis application of the magnetic field (figure 
8.28). The order of single domain and vortex states may be attributed to internal 
nonuniformity in magnetization, sample roughness, and possible size distribution in the 
astroid shapes. The asymmetry in remanence of saturation states at 10000 Oe is related 
to the way magnetization is performed and the way the system relaxes in the absence of 
the applied field. During the long axis reversal, a “strain” is developed in the spin-
chains due to curling and rotations of the chains of magnetic spins along the astroids. 
The reversal process occurs gradually by rotation of spins in the astroids which 
progresses from one end to the other, thus creating a strain in the string of spins curled 
along the long axis of the astroid chain.  
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It can be further explained by the analogy of a spring which is fixed at its two ends 
shown in figure 8.30(a)-(c). When it is rotated by turning one of its ends in clockwise 
direction, the spring will face a force which tries to tighten its curls (fig 8.30b). If an 
opposite force is applied in anticlockwise direction, the behavior of the spring will be 
different, and the curls of springs will get opened (fig 8.30c). After the applied force is 
removed, the spring will not relax in the same way for these two cases. In case of long 
axis switching, the magnetization is tied at its two ends which appear as two opposite 
combinations of magnetic states in the two extreme astroids (1st and 13th).  
Whereas for the short axis switching, the nanowire can have different combination of 
states at its two ends (1st and 13th astroids), which gives a freedom to relax its strain and 
achieve symmetric remanence states after the saturation. It is further explained by the 
spring analogy shown in figure 8.30(d)-(f). If the spring is rotated clockwise (fig. 
8.30e), or anticlockwise (fig 8.30f), it always has free ends to rotate in the direction of 
the applied force, and as a result it can attain opposite but symmetric states.  
 
 
Figure 8.30 (a) A mechanical spring fixed at its two ends (b) Increase in spring tension 
after application of clockwise force, (c) Opening of curls with anticlockwise force. (d) 
A mechanical spring with loose ends, (e) Rotation of spring after application of 
clockwise force, (f) Rotation of spring after application of anticlockwise force. 
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8.9 Magnetic strain 
As we have seen in the last sections of this chapter, the strain becomes more 
progressively dominant in the switching behaviors of the astroidal chains as the number 
of elements in the chain increases from 1 to 13. This section summarizes the strain 
effect observed in the chain of 13 astroids. This kind of study is important for the 
systems employing coupled systems or long chains of elements where spin states of an 
element is connected to its neighboring element. The role of magnetic strain was further 
investigated by magnetizing the sample at high field H = -10,000 Oe along its axis and 
studying the remanence images. The sample can reach its magnetic saturation at a field 
of H =1000 Oe applied along its long axis, as seen in the previous section. The 
saturation field for short axis is H = 3000 Oe when brought sequentially from one 
saturation state to the opposite state, by reversing the applied field as discussed in 
sections 8.9 and 8.10.  
 
Figure 8.31(a) is the SEM image of the long chain of 13 astroids. Figure 8.31(b) shows 
the remanence image of the saturation state obtained after applying a saturating field 
along the short axis of the nanowire. Figure 8.31(c) shows the remanent reversed 
magnetic state. Figure 8.31(d) is the remanent image of the saturation state obtained 
after applying a saturating field along the long axis. Figure 8.31(e) is the remanence 
image of its reversed state.  
 
For remanence of saturation state along short axis (fig 8.31b), the magnetization follows 
the applied field direction. The black arrow shows the applied field direction. The 
nanowire shows a single domain arrangement of magnetic spins in the nanowire aligned 
along the applied field direction with the central astroid arranged in vortex configuration. 
This is attributed to the minimization of magnetostatic interaction among the astroid 
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elements. The reversed remanence state (fig 8.31c) shows a contrast opposite to that 
shown in figure 8.31 (b) and confirms the switching of magnetic states.  However the 
chain does not show a similar domain arrangement for the long axis switching (fig 
8.31d). The flow of magnetic spins inside the single domains is opposite to the applied 
field direction. Vortex states in the astroids are created by the curling of magnetic spins 
which induces a strain in the flow of the magnetic spins along the length of nanowire. 
As a result, the magnetic spins in the astroids break their spin-chain and forms single 
domains arrangements, aligned opposite to the direction of the applied field. The 
reversed saturation state (fig 8.31e) is not exactly the opposite of the previous saturation 
state but shows a very different combination of vortex and single domain states. The 





Figure 8.31 (a) SEM image of a chain of astroid elements, (b) MFM image at 
remanence after saturation along the short axis, (c) Reverse state along the short axis, 
(d) Saturation along the long axis, (e) Reverse state along the long axis. 
 
We exposed the same sample to an abrupt reverse field of H = -4000 Oe aligned parallel 
to the long axis of nanowire and observed MFM images are shown in figure 8.32. This 
applied field is larger than the saturating field used during sequential switching in the 
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previous section 8.10, and is sufficient to saturate it in the other direction based on 
sequential switching experiment for the long axis. However the application of the field 
H = -4000 Oe, brings the system to a new magnetic state as shown in figure 8.32(a). 
Figure 8.32(a)-(c) shows different magnetic states obtained after applying the same field 
for the first, second, and third time consecutively. Figure 8.32(d) is the remanence 
image taken after the sample was left untouched for 3 days. Some of the vortex states 
are converted into single domains and reverse conversion is also seen in the magnetic 
states of figure 8.32(a)-(c). It shows that the application of H = -4000 Oe is not strong 
enough to break the spin chains in the astroid elements and saturate them along one 
direction, but the system can be brought to its saturation magnetization state (fig 8.31e) 
when exposed to a very high field of H = 10,000 Oe. The state obtained after the 
exposure to H =10,000 Oe is similar to that obtained by the sequential switching at a 
low field of H = 1000 Oe. The development of magnetization pattern in a long chain at 
H = -4000 Oe is complicated because of the magnetic strain contributed by the previous 
spin history of the chain. This system of long chain of astroids can be saturated or lead 
to a desired magnetic state either by sequential switching, or an abrupt field which is 10 
times higher than the sequential field. This is due to the magnetic “strain” caused by the 
rotation and curling of spins in the astroid elements. The effect of magnetic strain is 
observable at intermediate fields between 1000-10000 Oe. Leaving the sample for 3 
days causes the system to relax to an all vortex states configuration (fig 8.33d), thus 
achieving the lowest system energy possible for the astroids.  
 
The magnetic state shown in figure 8.32(b) looks similar to the state shown in figure 
8.31(d), but does not show during sequential switching of states. It is because the 
system tries to achieve different states through rotation of spins through sequential 
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Figure 8.32 (a)-(c) Remanence image after repetitive application of H = -4000 Oe along 
the long axis, (d) Remanence image taken after 3 days. 
 
In conclusion, magnetic strain is reduced by the system during slow rotations of spins 
between the two magnetic states, and spin reversal in some other elements of the chain. 
Hard axis switching does not suffer from strain effect in a long chain of 13 elements. 
During the long axis switching, the spin reversal is carried forward along the length of 
the chain and it helps in the development of strain along the length of this nanowire of 
astroids. Either a large field or the long process of sequential switching is required to 
reset the system to a remanence state along the long axis. This kind of study is 
important to investigate if the state of the system can be reset to its remanence state in 
long wires when used in devices such as magnetic sensors or logic circuits. 
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CHAPTER 9  
Characterization of trilayer triangular patterns 
 
In the previous chapters, the magnetic characterizations of single layer nanostructures of 
different shapes and sizes were discussed. This chapter presents fabrication and 
electrical characterization of triangular patterns with pseudo-spin-valve structures. The 
self assembly process of nanospheres could pave the way for the low cost fabrication of 
pseudo spin valve type of structures in magnetic sensors and magnetic circuit 
applications where different spin alignments in the two magnetic layers of the trilayer 
structures are used as two different switching states. Thus, these pseudo-spin valve 
nanostructures fabricated by the nanospheres lithography, are interesting candidates to 
investigate the nanoscale behavior of magnetically coupled Co layers through Cu spacer 
layer.  
 
Vibrating sample magnetometer (VSM) and magnetoresistance (MR) measurements 
were used to investigate properties of the trilayer magnetic films and nanostructures. An 
electrical connection was deposited between trilayer triangular patterns to enable their 
electrical characterization. Temperature dependent magnetoresistance measurements 
were also performed to investigate their switching behavior. X-ray photoelectron 
spectroscopy was used for material characterization and to understand observed 
electrical and magnetic properties. 
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9.1 Fabrication process 
Two sets of triangular patterns of trilayer structures were fabricated by evaporating 
Co/Cu/Co layers of the thicknesses 60/24/60Å, and 60/40/60Å on the hexagonally 
packed polystyrene nanoparticles. The choice of these two thicknesses was decided so 
as to (1) use the oscillatory nature of exchange coupling between ferromagnetic layers 
(Co) separated by the spacer layer (Cu) and see how the magnetic properties vary in 
these two different types of coupled systems for a given array of triangular patterns, (2) 
correlate with the thickness dependence of such systems earlier reported in the literature 
[114-117, 132-133]. These two set of films were deposited by e-beam evaporation at a 
deposition rate of 0.08Ǻ/s. The base pressure in the chamber was set at 9.0x10-7 torr.  
Figure 9.1 shows the SEM image of an array of well aligned nanostructures obtained 
after deposition of magnetic materials and lift off process.  
 
Figure 9.1 SEM image of a well aligned nanostructures in an array of trilayer 
nanostructures. 
 
A thin film of gold layer is needed to connect the triangular patterns and provide an 
electrical connection between them. This is a challenge to make connections to well 
aligned nanostructures due to the random nature of the grain orientations and lack of 
long range ordering in the self-assembled nanoparticles mask used in the fabrication of 
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these nanostructures. The effect of different grain sizes and lack of ordering on the MR 
measurement is further discussed in the section 9.3. A gold layer of dimension 10um by 
100um was used to connect these nanostructures. Due to the random size of arrays of 
well aligned nanostructures (covering area of lengths between ~10 to 100 µm), defect 
lines are created between the two neighboring grains. Two neighboring arrays tend to 
have random orientations of nanoparticles in their assembly; as a result, triangular 
patterns with random orientations were obtained. The success of electrical 
characterization was dependent on the careful location of one well aligned array (as 
shown in figure 9.1) with minimal defects and its alignment with the optical lithography 
process to fabricate electrical connection and deposit a gold layer to connect them. If the 
gold layer connects the two arrays with random orientations, it would be difficult to 
investigate the angular variation of their magnetic properties. In the event of 
nanostructures with random orientations, the electrical signal will be a collective 
mixture with no angular dependence. Extensive SEM investigations were done to trace 
the different array locations and to align the gold layer on the top of them in the best 
possible way. The guided assembly of nanoparticles could be great help in this 
experiment if the alignment of nanoparticles at a given location were well controlled 
[87]. 
 
A thin film of gold is not suitable to the bonding requirement of gold wire to enable the 
connection of these nanostructures to the measurement devices. When a bonding wire is 
connected to the gold film during the wire bonding process, it often suffers from punch-
through problem in case of thin gold pads. A second deposition of contact pads of 
thicker films is used to enable this connection. Due to high probability of failures 
encountered in the bonding process, when the gold wire may not stick to the contact pad 
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during parameter optimization of the wire bonding process, larger contact pads are best 
suited. Several samples were damaged during wire bonding process due to small area of 
contact pads when contacts pads were unable to provide a connection after the first 
failure, and the whole fabrication process had to be repeated again from the very first 
step. A large bond pad area provides room to prevent the device failure during the last 
wire bonding stage. Cleaning of substrate is also important at every step for good 
adhesion between different films on the silicon substrate. 10 nm of Cr film was used as 
an adhesive agent between the substrate and 250nm thick gold contact pads to improve 
the quality of connections. 
Figure 9.2 shows the schematic of different fabrication steps followed during the 
fabrication of triangular nanostructures and their electrical connections. Figure 9.2(a) 
shows the schematic of silicon substrate with monolayer of nanoparticles deposited on 
it. Before the deposition of nanoparticles, a surfactant was mixed with the nanoparticles 
to achieve reasonable large monolayer coverage of nanoparticles, as discussed in 
chapter 2. Typical grain size of 100 µm by 100 µm was obtained with total monolayer 
coverage of ~2 mm2 on a 5 mm by 5 mm substrate, mixed with scattered distribution of 
nanoparticles and multilayers. After deposition of nanoparticles, the sample was loaded 
in the SEM for investigation of quality of interstitial spaces among nanoparticles, to 
enable success of next deposition step. Due to the surfactant used in the monolayer 
assembly, the non-uniformity in mixing of the surfactant with nanoparticles caused the 
blockage of interstitial gaps among the nanoparticles at several places on the substrate. 
To achieve a successful deposition of array of trilayer nanostructures, oxygen etching 
was used to open the interstitial gaps before deposition of magnetic materials. Samples 
of nanoparticles with no surfactant were also explored. Without surfactant, 
nanoparticles had clean interstitial openings but monolayer area was limited due to the 
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formation of large multilayer and scattered areas. It was followed by the deposition of 
trilayer films of Co/Cu/Co using an electron beam evaporator system (fig 9.2b). 
Nanoparticles were dissolved in dichloromethane after deposition of the films, leaving 
the array of nanostructures on the substrate.  
 
 
Figure 9.2 Schematic diagram of the different fabrication steps for the GMR trilayer 
nanostructures. 
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Samples with successful deposition and large coverage of nanostructures were 
continued to the second step of fabrication process for their electrical connection. Figure 
9.2(d)-9.2(j) shows the next steps for making the device. Substrates with trilayer 
triangular patterns were spin-coated with photoresist, followed by UV exposure to open 
a window of 20 µm by 100 µm (fig 9.2d). This window in the photoresist (fig 9.2e) was 
used to deposit an 18nm thick gold film (fig 9.2f). The alignment of this window is 
crucial for the overlap of nanostructures with the gold film as discussed earlier. Lift-off 
in acetone leaves behind a thin gold film connecting an array of triangles embedded 
inside (fig 9.2g).  
Several parallel gold lines were deposited to ensure that at least a few of them are 
covering grains of well aligned nanostructures with minimum defects, to provide strong 
signal from these nanostructures during their electrical investigations. The sample was 
investigated in the SEM to check which gold layer covers the largest number of well 
aligned grains and had fewer defects. The gold layer with the best arrangement of 
patterns was selected for the next fabrication step. Figure 9.2(h) shows the next coating 
of photoresist on the samples with nanostructures embedded inside the thin gold film. 
This process is used to open windows for deposition of large gold contact pads to enable 
electrical connection to the outside world. A window was opened in such a way that a 
portion of the first layer of gold film is overlapped with contact pad windows. UV 
exposure of contact pads was followed by development & removal of the exposed 
photoresist (fig 9.2i) and deposition of 250 nm of gold film (fig 9.2j). 
Figure 9.3(a) shows the schematic of measurement set-up used for the electrical 
characterization, after successful fabrication and wire bonding processes. An electrical 
current is passed through the gold film connected via the contact pads. A magnetic field 
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was applied using electromagnets for the electrical measurement of the magnetoresistive 
effects. The sample was then rotated about an axis perpendicular to the plane with 
respect to the fixed applied field direction to study angular dependence of their 
magnetic properties.  
Figure 9.3(b) shows the SEM image of nanostructures of lateral dimensions of ~110-
120 nm embedded inside the gold layer. The trilayer patterns can be seen, emerging out 
as protrusions beneath the thin layer of gold. The patchy effects seen in image 9.3(b) are 
due to the nanoparticle remains left after the liftoff process which did not appear in the 
SEM image shown in figure 9.1, but become visible as protrusions after deposition of 
thin gold film on them. 
 
Figure 9.3(a) Schematic of electrical measurement set up showing the thin layer of gold 
layer to provide an electrical connection between individual triangular nanostructures. 
(b) Zoom in view (pointed by dotted arrows) shows the triangular patterns of Co/Cu/Co, 
which are embedded inside the thin gold layer. 
 
A thin film of gold film of 18 nm was used to overlap with nanostructures, so that the 
electrical current passes through a large number of trilayer patterns, which have total 
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height in range of 14-18 nm. The thickness of gold film at 18 nm is selected to 
maximize current-in-plane (CIP) component of the electrical signal through the 
nanostructures, and to prevent burning of the film during electrical measurement. It was 
found that gold films of thicknesses less than 18 nm were burnt easily due to the heating 
effect, at 1 mA of current passing through the samples for prolonged hours during their 
electrical measurements. An ac measurement is proposed for future samples to prevent 
device failure and thicker thickness of the gold may also be tested. But thicker films of 
gold in relation with the nanostructure heights will reduce the current component 
passing through the nanostructures due to low resistance path offered by the gold film 
and hence the sensitivity of the electrical measurement. 
Figure 9.4 shows the SEM image of a pattern which was burnt during electrical 
measurement at 1mA. It can be seen that gold layer is burnt at the junction of thick gold 
pads and thinner gold layers due to large current density at the overlap areas. Tapered 
contact pads may be tested in future measurements for gradual transfer of the current 
density between the two layers. 
 
Figure 9.4 SEM image of sample with burned gold layer between the contact pads 
during prolonged electrical characterizations. 
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9.2 Trilayer triangular patterns – set I 
This section presents the magnetic characterization of the first set of nanostructure 
having a thickness of 60/24/60Å (Co/Cu/Co). Hysteresis measurement was performed 
on the reference continuous films for their switching behavior. But for patterned 
samples, the hysteresis measurement of patterns did not yield useful results due to the 
large number of defects and the presence of continuous layer along with the 
nanostructures in the samples which were in 50-50% ratio. More localized techniques 
such as Magnetic Optic Kerr Effect (MOKE) system could be useful for investigation of 
smaller array of these nanostructures, which was not available at that moment, but may 
be performed during future investigations. However, the electrical characterizations of 
nanostructures were performed to detect the signal from the localized nanostructures 
embedded in the gold film. 
9.2.1 Hysteresis measurement 
Figure 9.5 shows the hysteresis cycle of the continuous film measured at different 
alignments of the applied field.  The hysteresis loop of the layers shows the easy axis to 
be in the sample plane. Angular behavior of the magnetization of the trilayer was 
investigated by rotating the sample about an axis perpendicular to the plane of the film 
so that the applied field is always in the plane, but rotated at various angles θ with 
respect to the easy axis. Hysteresis cycle at 60o angle shows a drop in magnetization at 
remanance indicating the antiferromagnetic alignment of magnetic moments in the 
upper and lower Co films of the trilayer structure.  
 
 




Figure 9.5 Hysteresis loops of pseudo-spin-valve trilayers measured at different angles 
showing the easy and hard axes in sample plane. 
Coercivity, saturation magnetization and remanent magnetization were extracted from 
different hysteresis cycles measured at different alignments of the applied field and are 
plotted in figure 9.6. Because of the symmetry, the results at all angles can be 
represented by those from θ = 0-180o only. Both the coercivity and the remanent 
magnetization initially decrease as the field is rotated away from the easy axis and starts 
to increase again in the direction of hard axis. A local minimum with a peak is observed 
in angular dependence of the coercivity and remanent magnetization graphs, at the 
angles close to the perpendicular direction of easy axis. The origin of this peak can be 
attributed to remanance from the Stoner-Wohlfarth model [95] of rotation during the 
magnetization switching or/and the non-uniformity in the internal magnetization of the 
films which giving rise to a local pinning effect during magnetization reversal and 
manifest themselves during angular rotations of the sample in the magnetic field [118]. 








































































Figure 9.6 Angular dependence of (a) film coercivity, and (b) saturation & remanent   
magnetization of Co/Cu/Co films of thickness 60/24/60Å. 
 
 
9.2.2 Magnetoresistance (MR) measurements 
Magnetic properties were investigated by room temperature MR measurements by 
passing a probe current at 1 mA for different applied field orientations with respect to 
the current direction. Figure 9.7 shows the model of different current components 
contributing to the electrical measurement. When the probe current enters the gold 
layer, a fraction of current (component 1) passes through the gold layer directly and 
emerge out of the gold film without interacting with the embedded nanostructures. 
Component 2 represents the current which interacts with the magnetic film individually 
but do not interact with both of them due to small coupling between the layers and 
traverse out as if only one layer is present. Current component 3 represents the current 
component which interacts with the magnetic layers and experiences current scattering 
at interface and inside the magnetic film of the nanostructures. Due to the magnetic 
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coupling between the top and bottom ferromagnetic layers, current component 3 will 
traverse perpendicularly through the nanostructures and experience scattering due to 
relative alignment of magnetic spins in these two ferromagnetic layers. Depending on 
the magnetic coupling between these magnetic films, the ratio of current component 2 
and 3 may vary and give rise to different MR results. The ratio of current components 1 
and 2 (or 3) depends on the gold layer thickness and determines the measurement 
sensitivity of the characterization process. 
 
 
Figure 9.7 Different current components traversing the gold layer and the nanostrctures. 
Figure 9.8 shows the room temperature MR loops of set 1, for different alignments of 
the applied field with respect to the probe current direction. The MR curve for parallel 
alignment of the applied field (fig 9.8a) shows an increase in resistance, to a local 
maximum value (shown by the smaller solid arrow), and when the applied field reduces 
during sweep from positive saturation direction to the negative direction. A drop in 
resistance at low fields appears as a negative peak as the field reaches 0 Oe (pointed by 
the dotted arrow). This peak disappears as the applied field reverses its polarity, and a 
second maximum is observed at smaller negative fields (bigger solid arrow). Resistance 
continues to decrease with further increase in the reverse field strength. This sudden 
drop in the resistance at smaller fields, gradually disappears as the field is moved away 
(fig 9.8a to 9.8d) from the parallel alignment to the probe current and becomes 
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perpendicular (fig 9.8d) to the current, and appears again gradually at the 180o 
alignment. 
This anisotropy of these MR curves can be explained by considering the 
magnetoresistive component of the individual layers of the triangular nanostructures and 
their combined effect during the sweep of the applied field. From the hysteresis loop of 
the continuous reference film as shown in figure 9.5, it can be seen that the magnetic 
spins of two magnetic layers of pseudo-spin-valve layers switch simultaneously along 
the easy axis. As the angle between applied field and magnetic easy axis increases, the 
spins of two ferromagnetic layers start to switch at different fields, marked by a slow 
kink seen in the hysteresis loop in figure 9.5. It becomes more obvious in the MR 
responses of the embedded trilayers nanostructures shown in figure 9.8, due to high 
sensitivity of magnetoresistive measurements to the local properties of magnetic films 
whereas VSM measures the overall signal contributed by the whole film.  
These MR loops display switching of magnetic spins in the pseudo-spin-valve structure 
by two peaks during the sweep of magnetic field, as shown by two different arrows 
(solid and dotted) in figure 9.8. The peaks with solid arrows represent the GMR 
component contributed by the small fraction of the current passing vertically through 
the trilayers. The peak indicated by the dotted arrow represents the anisotropic 
magnetoresistive (AMR) component, which decreases in amplitude as the angle 
between the current and applied field increases from 0o to 90o. The AMR peak with 
dotted arrow starts to appear again as the sample is rotated from in direction form 90o to 
180o with respect to the applied field, showing an angular dependence of π periodicity. 




Figure 9.8 Magnetoresistance measurement for different angles between the probe 
current and applied magnetic field (a) for 0o, (b) 30o, (c) 60o, (d) 90o, (e) 120o, (f) 150o, 
and (g) 180o angle. (h) Magnetic field set up for 0o and 90o measurement are shown by 
solid and dotted magnets respectively. Solid line of MR curves represents field sweep 
from -300 to 300 Oe where dotted line represents the reverse sweep. 
   
Chapter 9 Characterization of trilayer triangular patterns 
 193
When the current is parallel to the applied field direction, the two responses (AMR and 
GMR) are seen to be in opposite direction. As the angle is varied from 0o to 90o, the 
current becomes perpendicular to the applied field and both the AMR and GMR 
component adds up. It can be better understood with the help of schematic shown in 
figure 9.9. Signal 1 represents a GMR signal which does not change with the change in 
angle between the probe current and the applied field. Signal 2 represents the AMR 
signal which changes the sign of the loop as the current and the applied field becomes 
perpendicular to each other. Signal 3 shows the resultant signal after adding AMR and 
GMR component in both the cases.  
 
Figure 9.9 Schematic of two signals at (a) 0o, (b) 90o of alignment between probe current 
and the applied field. Signal 1 represents the GMR component with no angular 
dependence on the alignment between the probe current and applied field. Signal 2 is the 
AMR component changing shapes as the alignment angles changes from 0 to 90o. Signal 
3 represents the resultant signal after adding the signal 1 and 2. 
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The addition of AMR loop causes an increase in the total component in one case and 
causes a sudden drop in the other. In case of real measurements, the shape and 
switching behavior of MR loop will depend on the relative strength of AMR and GMR 
components. The MR loop as seen in figure 9.8 observed for Set 1 sample shows the 
difference in the magnitude of these two current components traversing the 
nanostructures as discussed in figure 9.7. 
Similar type of measurements were performed by Yang et al [119] and showed the same 
response for longitudinal and transverse measurements for their Ni nanocontacts. In 
addition, Yue et al [8] performed a measurement on nanowires with a current carrying 
conductor deposited on the top of nanowires, thus detecting signal from the nanowires 
below the conductor. The magnetic field emanating from the nanowires causes spin 
scattering between the spin-up and-spin down electrons in the conductor. In our case, 
the nanostructures are in the path of the probe current as compared to their systems 
where nanostructures were far from the current carrying conductor, but the MR 
behavior of trilayer patterns can be explained in a similar way by breaking the total 
resistance into different contributions from gold/trilayer interface scattering, bulk 
scattering in trilayer nanostructures, scattering at Co/Cu interfaces and the scattering 
due to the magnetic moments of embedded nanostructures.  
It can be related to the conductivity of the electrons, with transport lifetime τ limited by 
the scattering inside the gold conductor and inside the magnetic nanostructures, as 
represented by equation 1 below [119].       





                                                            (1)
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M.11111 σλζττττ                                     (2) 
Here MGMR represents the whole system of magnetization moments in the pseudo-spin-
valve structures, 
→σ  is the Pauli’s spin vector for the electrons, τ  is the transport life 
( Auτ  for gold and GMRτ  for trilayer) and λ denotes the strength of scattering from 
moments of the trilayer magnetic nanostructures. When the applied magnetic field is 
varied with respect to the current direction, the scattering component due to the change 
in relative orientation of ferromagnetic layers manifests itself as a change in the 
magnetoresistive response. Varying the orientations of applied field gives rise to 
different magnetic interactions between the spins of two ferromagnetic layers due to 
possible variation in film thickness, interface roughness and the film structure, therefore 
resulting in different magnetoresistive responses. Thus, the variation in the relative 
orientation of spins in ferromagnetic layers (MGMR) give rise to the scattering, which is 
proportional to the strength and orientation of applied magnetic field and hence can be 
used as tool in the design of nanostructured sensors to detect the strength and orientation 
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9.3 Trilayer triangular patterns – set II 
This section presents the magnetic properties of the second set of samples with different 
Cu spacer layer thickness in Co/Cu/Co structure of 60/40/60Å. A similar set of room 
temperature hysteresis cycles by vibrating sample magnetometery (VSM) for reference 
film at different applied field angles, and electrical measurements were made on the 
nanostructures as discussed previously. The results of this set of the trilayer patterns are 
discussed in comparison with the previous set. 
9.3.1 Hysteresis measurement 
Figure 9.10 shows the hysteresis cycle of the reference continuous film of the second 
set, at different alignments of the applied field. The hysteresis loops of these layers also 
show easy axis to be in the sample plane. Angular behavior of the magnetization of the 
trilayer does not show a kink (as observed in previous set) in the hysteresis loops during 
rotation of sample in the applied field, showing ferromagnetic coupling between the top 
and bottom Co layers of the trilayer structure.   
A 360o angular dependence of remanent magnetization of the trilayer structure film 
above is shown in figure 9.11.  It shows a similar local minimum with a peak in 
remanent magnetization curve, along the hard axis direction as observed for the 
previous set of Co/Cu/Co (60/24/60Å) nanostructures. The remanence magnetization 
drops as the sample moves from magnetic easy axis. It should show a minimum along 
the hard axis direction, but a local peak is seen due to the small increase in the 
magnetization as the sample reaches the hard axis direction. Other groups also have 
observed similar behavior which is attributed to the local pinning effects during 
magnetization reversal which manifest themselves during angular rotations of the 
sample in the magnetic field [118]. The two peaks seen at 90o and 270o have different 
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magnitudes which may be attributed to the possible variations in the local pinning 
effects and variation in coupling between two layers due to non-uniformity in the spacer 
layer thickness. The peak positions are displaced on the graph from 90o and 270o angles 
which could be due to slight misalignment of the sample with respect to the applied 
field direction. 


































Figure 9.10 Hysteresis loops of pseudo-spin-valve trilayers measured at different angles 
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Figure 9.11 Angular dependence of remanent magnetization of Co/Cu/Co (60/40/60Å) 
films. 
The local peak in remanence magnetization along the hard axis is observed in both sets 
of samples despite different coupling mechanisms present, indicating its dependence on 
the local pinning centers which arises due to different grain sizes present in the samples. 
All the samples were deposited by electron beam evaporation method and evaporation 
method provides no control over the energy of incident atoms, and hence grain sizes of 
the deposited films.  
Figure 9.12 can be used to explain the pinning effect in remanent magnetization due to 
large variations in the grain sizes under the two applied field directions. In figure 
9.12(a) the field is applied along the easy axis and removed. All the nanoparticles of the 
films are magnetized along the easy axis even after the removal of the field. In figure 
9.12(b) the field is along the hard axis, and particles relax back along the easy axis of 
the nanoparticles. Three grains are still shown magnetized along the hard axis direction 
due to their different grain size. It can explain the small magnitude of remanent 
magnetization observed in our two sets of samples along the hard axis. 
 
 
Figure 9.12 Schematic of different grain sizes at the remanence when the field is applied 
along two directions and removed, (a) The magnetization stays along the easy axis, (b) 
The magnetization gets pinned along the hard axis direction as shown by three large 




9.3.2 Magnetoresistance measurement 
Figure 9.13 shows the room temperature MR loops for the second set of triangular 
Co/Cu/Co nanostructures of thickness 60/40/60Å, at different angles between the probe 
current and the applied field. Insets show the zoom-in views of curves showing the 
magnetization switching at low fields. Resistance variation during field sweeps of 
increasing field strengths are shown by the solid lines, whereas dotted lines show the 
reverse sweeps. Current is passed through the film along the easy axis direction while 
the external field is applied in the plane of the sample at various angles with respect to 
the current direction.  
This set of nanostructures shows a positive MR loop with little angular dependence, 
which can be attributed to the ferromagnetic coupling between top and bottom layer due 
to spacer layer dependence of the exchange coupling constant. A small angular 
dependence is seen by the presence of a two valleys in the insets of figure 9.13, at low 
fields. It is attributed to the relatively small magnitude of AMR component compared to 
the GMR component (as discussed by in figure 9.9). The small AMR component is 
attributed to the presence of strong ferromagnetic coupling between the two magnetic 
layers. As discussed previously in the current model for MR measurements of 
magnetically coupled layers, when the current enters the nanostructure, it divides into 
different current components. For this second trilayer set, the current component 3 
traversing the layers vertically due to ferromagnetic coupling between the layers is 
much larger than the current component 2, and as a result MR loops with little angular 
dependence are observed in figure 9.13. 





Figure 9.13 Room temperature magnetoresistance curves of Co/Cu/Co (60/40/60Å) 
nanostructures at 0o, 45o and 90o angle between the probe current and the applied field. 
The insets show the difference in MR peaks at low fields for different alignments of the 
applied field. 
 
Figure 9.13 can also be explained based on the relative alignment of spins in two 
magnetic layers of trilayer structure. The magnetoresistance curve shows a small drop at 
low fields during field sweep between two saturation states, indicating some grains 
aligned opposite to the applied field, but the strength of signal from these grains is very 
small.  It appears during forward and reverse sweep of the applied field for 0o alignment 
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of the applied field. Because of magnetic easy axis being the probe direction, a small 
spin-flip is observed. The two layers are antiferromagnetically coupled at positive fields 
and flip their magnetization as one-system to achieve opposite antiferromagnetic 
orientations at the small negative fields. The schematics of spin alignment after spin flip 
are shown with the 0o MR loop in inset of figure 9.13. A similar peak is observed for the 
reverse sweep.  
When the external field makes an angle away from the easy axis, the small peak 
disappears and a positive MR loop is seen as the angle changes gradually from 0o to 45o 
and 90o. For magnetic measurements away from the easy axis, spin-flipping is not 
observed in MR loops because of high resistance offered by an off-angle flipping of the 
spins. For 45o alignment, the MR peaks in the curve are smoother where 90o shows 
sharp peaks at low fields. The transverse alignment of easy axis gives a normal MR 
curve with sharp rise in resistance for the antiferromagnetic alignment of magnetic 
spins. 
Figure 9.14 shows the values of the applied field where MR measurements show a 
maximum peak during the sweep of applied field and is plotted against the alignment 
angle of the applied field. The variation curve of MR peak shows characteristics similar 
to those of the remanence curve (fig 9.11) observed for the continuous films. It indicates 
that the same local pinning mechanism is responsible for this behavior seen in 
magnetoresistance loops of the patterned nanostructures. It also agrees well with the 
current model of breaking currents into AMR, GMR components caused by the local 
variations in the coupling between two magnetic layers.  




Figure 9.14 Position of MR peak at different angles between the film easy axis and the 
probe current direction 
 
If MR results of this set of nanostructures are compared with MR results of the previous 
set of nanostructures discussed in section 9.2, the angular dependence of remanence 
curve and MR peaks for all these sets show a similar pattern between longitudinal and 
transverse alignments of the applied field. It proves that the observed MR signal is more 
sensitive to the alignment of applied field with respect to the probe current rather than 
its alignment with the array of nanostructures. It means a mixture of triangular patterns 
with different array orientations was covered by the gold film, and as a result no specific 
angular dependence of MR loops is observed in relation to the triangular shapes of the 
nanostructure and their alignment with the applied field. The curve in figure 9.14 
showing the MR peaks at different applied field orientations is similar to the remanence 
curve observed by the vibrating sample magnetometers and indicates that the MR loops 
are still measuring the average signal from the mixture of triangular arrays of different 
array orientations rather than a single array of well aligned nanostructures.   
In summary, the trilayer triangular patterns in both sets did not show any significant size 
effect on their magnetic properties and no deviation from their continuous film 
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properties. All the room temperature measurements show that their properties were 
determined by the coupling effects between two ferromagnetic layers. It also tells us 
that it is possible to miniaturize these devices for high density fabrication, without 
affecting their properties on a large scale. From the fabrication point of view, we also 
learned that the electrical characterization of these nanostructures is a challenge due to 
inherent defects created in the nanosphere lithography which prevents the 
characterizations of nanostructures over a wide area. Smaller width of gold layer used 
for interconnections between these nanostructures is subjected to thermal failures to 
high current density and prolonged MR measurements. However the electrical 
characterization of nanostructures was made successfully at different temperatures and 
results were presented. New characterization methods such as local probing of magnetic 
properties of using scanning tunneling microscopy may be explored for further 
understanding of these nanostructures. 
9.4 Temperature dependent MR measurement 
The electrical measurement of the spin-valve structures was further continued to 
understand their switching behaviors at different temperature by gradually decreasing 
the sample temperature from 300K to 10.5K. Set-1 samples could not be measured at 
low temperature because of device failure during their room temperature 
characterizations. Due to overheating in the samples during measurements, the gold 
cover layer was burned which disconnected the nanostructures and made the low 
temperature measurement of this set impossible. So only low temperature measurements 
performed on the set-2 devices are available here. The MR loops measured for set-2 at 
three alignments of applied field with respect to the probe current at 0o, 45o and 90o 
angles are shown in figure 9.15. 
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From the longitudinal MR loops (measured at 0o), it can be seen that when the probe 
current is parallel to the in-plane applied field, the small dip observed at room 
temperature disappears at 250K as the measurement temperature drops. As the 
temperature goes further down from 250K to 200K, MR loops show wider loops due to 
reduction in the thermal switching of magnetization reversal process. A small 
asymmetry is developed during forward and reverse field cycles at 175K. The resistance 
value measured at high fields is different for parallel and antiparallel alignments of 
applied field. The difference between two high field resistances corresponding to the 
two magnetic saturation states of the magnetic films increases as the temperature goes 
down from 175K to 10.5K.  
For transverse case when the probe current is at 90o with respect to the in-plane applied 
field, we observed that the shapes of MR loops are symmetric for reverse and forward 
sweeps. The shape of MR loops changes from positive MR to negative MR as the 
measurement temperature decreases. The resistance at parallel alignment of magnetic 
spins at high fields is higher than the resistance for antiparallel alignment state at low 
field. It is a normal anisotropic magnetoresistance (AMR) characteristic.  
As the temperature goes down from 300K to 200K, the MR loop is positive and the 
position of MR peak widens to higher switching field values. At 130K, a local dip in 
MR loop is observed at low fields during the forward scans which become more 
dominant as the temperature goes further down to 10.5K. At 10.5 K, a negative MR 
loop is observed.  It shows a change in the reversal mechanism occurring at different 
temperatures as the sample temperature reduces.  We attribute this behavior to spin-
orbit coupling which depends on the spin alignment of applied field. MR loops at 45o 
represents a combination of the two switching mechanism observed at 0o and 90o. 
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Figure 9.15(a) Temperature dependent MR measurements on trilayer Co/Cu/Co 
(60/40/60Å) nanostructures taken at different angles with respect to probe current 
direction at temperatures 250K, 200K, 175K, 150K, 130K, and 115K.  
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Figure 9.15(b) Temperature dependent MR measurements on trilayer Co/Cu/Co 
(60/40/60Å) nanostructures taken at different angles with respect to probe current 
direction at temperatures 100K, 50K, and 10.5K.  
The asymmetry seen at low temperatures seen in the MR loops in our nanostructures 
can be attributed to lot of possible factors, and following explanations are given for the 
observed behaviors. Asymmetry seen in MR loops increases with decreases in the 
temperatures and shows a hysteresis in the MR loop for longitudinal alignment and a 
symmetric loop for transverse alignment. This electrical behavior of spins-valve 
nanostructures observed at low temperature is similar to the results reported for pinned-
spin-valve structures with synthetic antiferromagnetic (AFM) layer [120-125]. We did 
not use any antiferromagnetic layer for pinning of magnetization in our Co/Cu/Co 
nanostructures. The only source of antiferromagnetic behavior coming into play can be 
attributed to the oxidation of the Co layers used in the nanostructures. The pinning 
effect because of possible oxidation of Co has wide angular spread showing the similar 
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asymmetric behavior when the current is making an angle of 45o with respect to applied 
field. 
Figure 9.16 shows the giant magnetoresistance (GMR) responses studied as a function 
of applied measurement field angle in FeMn and NiMn pinned spin valves. As the 
measurement field varies away from the pinning field direction, the peak GMR ratio and 
the free layer coercivity decreases. The GMR curve changes from unsymmetrical to 
symmetrical with respect to the applied field polarity. The GMR responses from the 
component parallel to the applied field were found proportional to the cosine of the 
angle between the pinning and the applied field [120].  
 
Figure 9.16 Angular dependence of GMR responses. Experimental results of GMR vs H 
for θ = 0o, 30o, 60o, 90o [curve (a)-(d)]. Calculated GMR curves [(e)-(h)] for the same 
angles. The corresponding magnetization angles of the free layer (thin line) and the 
pinned layer (thick line) at different applied field angles [(i)-(l)]. Only the absolute 
value of magnetization angles for the both the free and pinneed layers in the negative 
direction is shown to illustrate the asymmetric responses. [120] 
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Our system does not have any synthetic AFM layer, however a possible oxidation effect 
of Cobalt layers is not ruled out. During deposition of thin film, the vacuum of chamber 
was at its best of 9.0x10-7 torr, but the presence of any residual oxygen in the chamber 
due to inefficient pumping may cause oxidation of the film during deposition. The 
nanostructures were left overnight for nanoparticles lift-off process and during the 
process of lithography for gold cover layer until the next day. It may give a chance for 
cobalt film to oxidize and this could be a possible reason for the observed behavior. 
X-ray photoelectron spectroscopy (XPS) characterization was performed to observe any 
oxidation of the film and figure 9.17 shows the corresponding results. In the as-prepared 
sample, first a large peak of oxygen is observed (fig 9.17a). Now a sputtering of 14 
seconds and 28 seconds was done to etch the sample and see the material profile with 
the etch depth. With further etching, a shift in the binding energy of oxygen is observed, 
indicating oxidation of Co and Cu films. The binding energy of Oxygen bonded to Cu 
as Cu(OH)2 is 531.2eV and bonded as CuO is 529.6eV, and to Cu2O = 530.3 eV, 
indicating the amount of Cu and Copper oxide seen during sputtering. Figure 14(b) 
shows the peak of Co as observed before and after the sputtering. Initially, a small 
amount of Co is observed, and with further etching, the counts of Co atoms detected 
during the measurement increases. The Cobalt peaks at 779.5eV and 779.3eV 
correspond to Co2O3 and Co3O4. The binding energy for pure Co peak is shown at 
793eV. The asymmetry in MR loops is observed at temperature below the Neel 
temperature (291K) of cobalt oxide due to its antiferromagnetic nature. It agrees well 
with the results reported for other systems using AFM layers [120]. Figure 14(c) shows 
the peak observed for Cu element after two etching steps, showing a small amount of 
Cu atoms, which were bonded to Oxygen atoms, as seen by the shift in the binding 
energy of Oxygen atoms in figure 14(a). It indicates that all the layers were exposed to 
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some amount of oxygen during their deposition, thus raising questions on the quality of 
vacuum and residual gases inside the evaporator system. Longer pumping time is 
recommended to improve the quality of films by pumping out the residual gases inside 
the chamber prior to the deposition of trilayer structures. 
 
Figure 9.17 XPS analysis of the Co/Cu/Co nanostructures embedded inside the gold 
film 
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In summary, the interlayer coupling in our nanostructures varies with the thickness of 
spacer layer and agrees with the previously observed results for similar structures [132-
133]. The oxidation of thin films plays an important part in the magnetic properties of 
trilayer structures which created the pinning centers for the ferromagnetic layers 
separated by a non-magnetic spacer, as seen from the low temperatures MR 
measurements. The oxidation of films in the nanostructures can be further explored by 
adding a synthetic AFM layer to vary their room temperatures properties to investigate 
the size dependence of different types of patterns discussed in previous chapters. From 
XPS results, it can be seen that residual oxygen inside the chamber can greatly oxidize 
the films during their deposition. The chamber should be pumped for longer durations to 
remove the residual oxygen and improve the quality of vacuum.  




Conclusion and future work 
This thesis developed the process of nanosphere lithography in creation of new 
nanostructures by modifying the mask features using optimized etching processes and 
investigated the magnetic properties of fabricated nanostructures. A short summary of 
achievements made in the area of fabrication and magnetic characterization of these 
nanostructures is presented along with the proposal for future work in the same 
direction. 
 
10.1 Self assembly 
Self assembly of 500 nm diameter nanoparticles was used in all the processes in this 
thesis. However it can be further extended to using smaller particles to 200 nm or 100 
nm diameters to create nanostructures of tens of nanometer dimensions. The mechanism 
of multiple menisci was demonstrated as a method to repair local defects in the 
monolayer of nanoparticles by using the effect of surface tension. Future work in this 
area can be scaled to the self assembly of smaller nanoparticles of diameter 200 nm and 
100 nm. A combination of 500 nm and smaller diameters can be explored to make 
assembly of heterogeneous layers as shown in figure 10.1 where figure 10.1(a) shows 
the top view of monolayer formed by mixing nanoparticles of two diameters and figure 
10.1(b) shows the side view of nanoparticle assembly using monolayer of nanoparticles 
of two different diameters. For success of these techniques, the defect density should be 
further controlled and a guide may be developed using photoresist patterning and 
etching methods. Different surfactants may also be explored to create chemical bonds 
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between the nanoparticles and the substrate, to prevent multilayer formation during their 
self assembly, and increase the monolayer coverage. 
 
Figure 10.1(a) Top view of monolayer formation using a mixture of nanoparticles of 
two different diameters, (b) Schematic of multilayer formation using two different 
monolayers of nanoparticles. 
 
 
10.2 Nanostructure fabrication 
New mask features were created in the nanoparticles mask by selective etching of the 
substrate, and the mask itself. Different etching processes were optimized for successful 
pattern transfer into the substrates. CF4 etching process was developed as a tool to create 
grooves of different aspect ratios in silicon substrates. Oxygen etching was optimized to 
create patterns such as antidots, triangles, dumbbells, zigzag nanowires. Ring 
nanostructures were also fabricated using a two-step self assembly process combined 
with an etching technique. Oxygen etching was also adopted as a method of substrate 
cleaning during unsuccessful lift off of the deposited materials. 
 
Future work in this area may include further experiments with modified features 
combined with thermal annealing which will reduce the size of mask features and create 
new features. Square assembly may also be studied for its arrangements and 
applications in large area fabrication of the astroid patterns. A guide may be used to 
intentionally create square arrangement as shown in figure 10.2. Dumbbells and zigzag 
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features were created by utilizing the shadow effect of nanoparticles on each other 
during etching process. It may be further explored during evaporation of materials on 
the top of the mask to create nanowalls and nanorings as shown in figure 10.3. This 
would prevent the need of lift-off of the materials and it will create defect free 
nanowalls independent of the multilayer formation of the nanoparticles because these 
nanowalls will be grown on the top of the nanoparticles. 
 
 
Figure 10.2(a) Side view of the deposition process of nanoparticles on the substrate with 
a nanoparticles guide created by etching or deposition methods, (b) Front view showing 
the deposition of nanoparticles in a square pattern due to the shape of guide and the 
effect of gravity during their self assembly. 
  
 
Figure 10.3(a) Formation of nanowalls using tilted deposition of materials on the 
nanoparticles using shadow effects of nanoparticles in each other. Side view shows the 
angle of deposition and top view shows the formation of nanowalls, (b) Ring shapes are 
fabricated if substrate is rotated during deposition of materials. Top view shows the 
schematic of ring nanostructures fabricated.  
Chapter 10 Characterization of trilayer triangular patterns 
 214
 
The two-step assembly discussed in this thesis may also be further explored in 
fabricating large area disk patterns with triangular and square holes in it. The overlap of 
two-steps of nanoparticle layers is important for the coverage and successful application 
of the two-step technique.  
 
10.3 Characterization of nanostructures 
During the characterization of fabricated nanostructures, magnetic domain imaging of 
single layer triangles was performed and the effect of aspect ratio on their spin 
arrangement was demonstrated. The vibrating sample magnetometer was used to study 
the change in coercivity of the patterns. The switching behavior of embedded dots was 
investigated by visualizing their domain patterns using MFM imaging, and  independent 
switching of magnetic states has been demonstrated. The feasibility of fabricating a new 
embedded media is demonstrated using a simple fabrication process of nanosphere 
lithography. The multilayered structure of triangular patterns was also studied by 
fabricating GMR type of nanostructures. Electrical investigation was performed at 
different temperatures and different alignment of applied field with respect to probe 
current to investigate their nanoscale properties at different ambient temperatures. 
 
Future work in this area may explore the fabrication of embedded dots of different 
materials by evaporating materials of different composition and its effect on their 
switching properties may also be investigated. The role of the silicon matrix on the 
interaction between the neighboring dots may also be studied by fabricating embedded 
dots in a matrix of different magnetic/non-magnetic materials. The magnetic properties 
of embedded dots may also be studied by electrical measurements by fabricating the 
embedded dots in the matrix of an electrical conductor. Multilayer structure of GMR 
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type patterns needs to be further explored by solving the measurement issues of 
electromigration effects by performing ac measurements. The thickness dependence 
study of GMR patterns in triangular patterns is also an area to explore for the systematic 
dependence of its magnetic properties of applications such as MRAMS and sensors. 
 
10.3.1 Characterization of dumbbells and zigzags 
After the fabrication of new dumbbell and zigzag nanostructures, their magnetic 
properties were investigated. Their shape dependent spin arrangement and switching 
behavior under different alignment of applied field have been demonstrated. The 
magnetic hardness of the pattern makes the long axis a preferred direction for their spin 
alignment and does not change under off-axis alignment of applied fields. A fabrication 
method for dumbbell nanostructures was further developed for symmetric and 
asymmetric zigzag nanowires and demonstrated. The magnetic properties of Permalloy 
zigzag nanowires were investigated by magnetic force microscopy for different 
alignment of applied fields. Their remanence domain arrangement and the effect of 
shape asymmetry on their spin distributions are discussed, which show interesting 
magnetic domain patterns due to local alignment preferences and overall effective easy 
axis of the nanowire. 
 
Future work in the characterization of dumbbell and zigzag patterns will include their 
electrical investigation and will study the detailed movement of domains as the applied 
field changes its polarity. Electrical investigation will be able to trace in-situ domain 
movement as the applied field is varied, which is not possible using magnetic force 
microscopy measurement. Thickness dependence study of above characterization 
methods will provide an extensive coverage of magnetic properties of these 
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nanostructures, where domain movements and their switching behaviors can be 
understood in relation to thickness dependence. Bi-layer and multilayer structures of 
these patterns are also future candidates to be studied to fine tune their switching 
behavior by adding exchange bias effect. No work has been done in these types of 
nanostructures fabricated by self assembly combined with exchange bias effects. 
Understanding of their magnetic properties using temperature assisted micromagnetic 
simulations will be an added advantage for understanding these new patterns. 
 
10.3.2 Characterization of astroids and chains 
Single astroid elements and chains of increasing number of elements were studied by 
magnetic force microscopy at remanence and after application of fields. Results were 
confirmed by micromagnetic simulations and their spin arrangements were obtained. 
Single astroid element shows the vortex arrangement as the lowest energy configuration 
for the system and shows anticlockwise orientation at remanence for the positive 
saturation and reverse orientation for the negative saturation. 2-element chains show 
different switching mechanism due to the additional element in the chain and show the 
development of spin states of opposite orientations at the remanence. The switching in 
the 3-element chains is eased by the presence of 3rd element in the chain which created 
the asymmetry in the spin arrangement and an ACC type of spin arrangement is 
preferred. The elements tend to form a pair of vortex states and behave as a unit in 4-
astroid chains and maintain ACCA spin arrangement at remanence. The 2-astroid unit 
still holds for 5-element chains and behaves in same as the previous spin arrangement 
mechanism observed for the smaller chains. Different combinations of vortex 
arrangement are also possible after additional energy has been supplied by the external 
field. A spin strain is observed in the spin chains and its dependence on the spin 
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arrangement of the neighboring elements is observed. A single domain state is observed 
as a stable state in long chain of 13-elements and attributed to strain relaxation process 
of the long nanowire. Symmetric magnetic states at the remanence following  saturation 
are observed for short axis application of applied fields, and a complex combination of 
vortex states is observed. Asymmetric saturation states are observed for long axis 
switching of a long 13-astroid chain and it is further attributed to the sequential 
switching of the spin states and the development of a progressive spin strain during the 
process of magnetization reversal. The spin strain is demonstrated as a new 
phenomenon describing the spin states in long chains under sequential switching or 
abrupt switching at a high field.  
 
Future work will explore the electrical measurements of the spin states to detect vortex 
combinations as distinct resistance steps and their movements for applications in areas 
such as magnetic random access memories. The single domain state in the astroid 
patterns can have six different alignments with respect to the probe current direction, 
which can be further studied for the different magnetoresistive effects due to their 
magnetic alignments.  These six states as shown in figure 10.4 can be represented using 
a single astroid element. The thickness control on the further control of these single 
domain and vortex states should be explored. Magnetocrystalline effects may also be 
introduced by evaporating thin films of other materials such as cobalt, which should 
vary the switching behaviors and combinations of different magnetic states. Films of 
different compositions may also be used for additional control on their switching 
properties. 
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Figure 10.4(a) Different magnetization states present in the astroid patterns with six 
possible alignments with the probe current direction. 
 
 
In summary, the characterizations of these nanostructures were limited by the small 
monolayer coverage of fabricated nanostructures. New characterization methods 
capable of investigating properties of a localized area on a substrate are suggested for 
further studies of magnetic properties of these patterns. The electrical investigations of 
all these nanostructures can also be performed for further detailed study of their 
magnetic properties, after making use of the lessons learned in chapter 9 during 
electrical investigation of trilayer nanostructures. As a conclusion, this thesis opens new 
directions for further research in the understanding of magnetic properties of the novel 
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